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Chapter 1 
General introduction 
 
 
In this chapter, we provide the background for the research described in the thesis. 
The concept of tissue engineering, and briefly, the state of the art in biomaterials 
development are described. We introduce genetically engineered protein-based 
polymers as promising materials for biomedical applications. Finally, we explain the 
aim and organization of the thesis. 
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1.1 Tissue engineering 
Growing need for tissue replacements 
Rapid cultural, scientific and technological transformations in the last decades, 
have led to dramatic changes in human lifestyle. While the average lifespan has 
been prolonged, expectations of high quality of life are growing. People are 
subjected to new challenges, such as the emergence of aging-associated diseases 
(i.e. cancer or osteoporosis), or dangers connected with practising risky sports or 
road traffic, which is an especially severe problem in developing countries 1. As 
a consequence, the number of traumas is increasing and along with the huge 
advances in medicine, more and more medical interventions occur 2. The growing 
amount of body tissue injuries, caused by accidents or diseases, raises the demand 
for more effective treatments and defect reconstructions. A lot of effort has been 
put into the development of techniques, which allows not only the replacement of 
defective tissue, but also the stimulation of natural reconstruction by the body 
itself.  
These attempts have led to the concept of tissue engineering. It was Langer 
who, with co-workers, defined the term and pioneered the field in the early 1990s 
which has since experienced a remarkable expansion 3. Tissue engineering is an 
interdisciplinary field, connecting biology and materials engineering, with the aim 
to restore, replace, preserve or enhance functions of damaged or defective tissues 
and organs, by the development of functional substitutes 4,5. A functional tissue 
substitute comprises (1) cells (most often patient cells or stem cells) 6; 
(2) a biomaterial, or more specifically, a specially designed and produced scaffold, 
which serves as a matrix to seed cells onto or into; and often (3) tissue-induced 
signal molecules, such as growth factors 4. The scaffold, containing cells and 
biological cues, is implanted into the patient’s body. The biomaterial for use as 
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a scaffold needs to fulfil multiple requirements to be able to interact, on one hand, 
with surrounding tissues of the implantation site and, on the other hand, with cells 
enclosed in the scaffold 5. In the initial phase the scaffold provides structural 
support for the cells and keeps them in place. If the biomaterial is degradable, as 
time progresses, it creates space for the cells and secreted extracellular matrix 
(ECM) 7.  
The success of tissue engineering depends on the thorough knowledge of 
methods to choose the proper cell source and to preserve cells, of scaffold design 
and development, and finally, of mutual cell – matrix interactions. The 
development in this field is driven by opportunities such as cost reduction of 
patient treatments (by providing less expensive substitutes to donor organs), 
shorter patient waiting time, and increased availability of treatments 4. 
Approaches in tissue engineering  
Currently, in tissue engineering there are different strategies for preparing and 
applying constructs. One of the approaches is the use of an acellular scaffold, 
which is usually designed to induce cellular ingrowth and/or to degrade in time, in 
order to be eventually replaced by the ECM proteins of the regenerating tissue. 
This approach is sometimes referred to as guided tissue regeneration 8. Another 
option, most often identified with tissue engineering, is manufacturing scaffolds 
seeded with cells before implantation. The construct can be directly used after cell 
seeding, or cultured for some time in in vitro bioreactors. The latter is especially 
interesting for applications where whole organs or large parts of tissues need to be 
replaced 6. Finally, injectable materials constitute another promising strategy. In 
this approach, patient cells obtained by biopsy and, optionally, growth factors, are 
loaded into the material precursor outside the body. In the next step, the mixture is 
injected with a needle into the desired location, followed by setting of the material. 
For this approach, acellular materials can be used as well. The main advantages of 
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this strategy are (1) perfect fit into the shape of the defect, (2) homogeneous cell 
distribution and (3) minimal invasiveness of the treatment, due to the avoidance of 
open surgery 7. The most common injectable materials are (precursors of) 
hydrogels or ceramic pastes.  
Biomaterial development process 
The rapid expansion of the field of tissue engineering predominantly concerns 
the development of new materials for cell scaffolds 3. There are several steps in the 
material testing process, to characterize the construct and to assess its suitability 
for further development and potential use in tissue engineering. In general, 
a physico-chemical characterization is performed to investigate if the material 
meets the basic requirements for the desired application. Properties such as 
chemical composition and material purity, structural and mechanical 
characteristics, degradation products, degradation time, etc. are analyzed. 
Biocompatibility and cell – material interactions are commonly tested by means of 
in vitro cell culture studies. They allow to investigate (1) cell viability in contact 
with the scaffold, (2) the ability of the construct to induce the desired host 
response, (3) bioactivity: the ability to stimulate cells and tissue growth, and 
(4) biointegration: the integration of tissue into the biomaterial 9. In vitro tests can 
be done early in the material development process. They contribute to the 
development of basic knowledge on biomaterials, allow to decrease costs and, 
most importantly for applied research, increase the safety of the product for the 
patient 10. The main disadvantage of in vitro studies are difficulties in extrapolation 
of the research results to in vivo conditions 9. Especially 2D studies, in which cells 
are cultured in monolayers on top of the biomaterial, are a poor representation of 
the conditions in living tissue 11. The alternative, which may bridge to some extent 
the gap between 2D cultures and in vivo conditions, is the concept of 3D cell 
culture 12,13.  
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After in vitro cell culture studies, animal models are a required next step to test 
the safety and efficiency of the biomaterials 9,14. Finally, before the material can be 
considered for application in medicine, human trials and clinical testing need to be 
carried out. It is worth to note that the transition from animal models to humans is 
not straightforward, and fundamental extrapolation problems appear on this level 
as well.  
 
1.2 Biomaterials for tissue engineering 
Currently, a huge range of biomaterials is being developed and used in tissue 
engineering. These include metals, ceramics, chemically synthetized polymers, 
polymers of natural origin, and composite materials 15. Every material class has 
specific advantages and disadvantages, and the selection depends mostly on the 
application, but as well on economic considerations and availability.  
Metals are especially popular in orthopaedics, stomatology, and as materials 
for stents. Most commonly used are stainless steels, and alloys based on cobalt and 
titanium 16. The main disadvantages of metallic biomaterials are difficulties to 
match the mechanical properties with bone, leaching of metal ions into the 
surrounding tissue, corrosion 16, and problems associated with tissue ingrowth into 
the construct.  
Ceramic biomaterials, e.g. alumina, zirconia, calcium phosphate, or bioglass, 
have also found application, mainly in orthopedic tissue replacements. The main 
advantage is their bioactivity and the ability to build strong links with the host 
tissue. However, purely ceramic scaffolds often cannot effectively carry the stresses 
that occur in bones 17. Additional disadvantages of metals and ceramics, among 
others, are their relatively limited possibility of tuning their physico-chemical 
characteristics, and their lack of degradation 15.  
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Chemically synthesized polymers, particularly biodegradable ones, are widely 
used in tissue engineering. The most extensively studied materials include 
polyesters, i.e. poly(glycolic acid), poly(lactic acid) and their copolymers, but 
polyanhydrides, polycarbonates, polyurethanes, and polyphosphazenes have been 
investigated as well. The key advantages of this material group include significant 
control over structure, mechanical properties and degradation kinetics, the 
possibility to fabricate the material into various shapes, and to chemically add 
functional groups in order to, for example, induce cell in-growth 18. On the other 
hand, they sometimes have a toxic influence on tissues, caused by unreacted 
compounds, active agents used during synthesis, or degradation products 19.  
Naturally derived polymers, harvested from native ECM, such as collagen, 
hyaluronic acid or MatrigelTM, have been used to overcome problems of toxicity 
and to more closely mimic the native cellular environment. However, large batch-
to-batch variations, relatively poor mechanical properties, risk of carrying disease 
agents, and only limited tuning of the properties and functions, limit the 
application of natural polymers 15,19.  
The use of composites, consisting of at least two components from different 
material groups, is an approach to obtain materials with improved performance. 
For example, the composite composed of biodegradable polymers and bioactive 
ceramics resulted in materials with tailored biological and mechanical properties 
and degradation rate 20. Another alternative that allows to achieve a high tunability 
of material properties, are genetically engineered protein-based polymers, such as 
those described in this thesis.  
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1.3 Genetically engineered protein-based polymers 
Definition 
Genetically engineered protein-based polymers are artificial proteins, obtained 
using recombinant DNA technology. They consist of a precisely defined sequence 
and number of amino acids. The material production process consists of a few, 
well-defined, consecutive steps: (1) choice of the amino acid sequence, DNA 
template design and construction, (2) encoding of the template into the 
recombinant plasmid, (3) transformation into the host organism (e.g. a yeast like 
Pichia pastoris or a bacterium like Escherichia Coli), (4) production of protein by 
expression in a fermentation process, (5) protein purification and (6) scaffold 
preparation 19,21. This specific production process results in materials with precisely 
controlled composition, molecular weight, and structure. When the process is 
optimized, recombinant protein can be obtained at relatively high yields. Protein-
based polymers can be composed of several building blocks, each with a specific 
function. Structural integrity of the material is provided by structural building 
blocks 19. The most commonly used domains are repeats of short peptide sequences 
derived from silk, collagen, resilin or elastin. As the design of protein-based 
polymers is usually inspired by natural materials, they are often biocompatible and 
bioactive. Using the recombinant approach, the structural domains can be further 
enriched with numerous active sites, thus avoiding the need of additional post-
productional modification 19,22. This provides a convenient method to mimic 
desired properties of natural ECM, while avoiding concerns connected with the 
use of naturally harvested materials 19.  
Functionalization 
Numerous active groups, containing both canonical and noncanonical amino 
acids, have been described in the literature and introduced into protein-based 
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polymers. They stimulate a wide range of responses, such as cell adhesion, cross-
linking, antimicrobial activity, material degradation, or binding of growth factors, 
inorganic material, or DNA 19,21-24.  
Cell-adhesive groups  
Cell-adhesive groups are peptides responsible for cell attachment. They are 
introduced into the material to improve cell – matrix interactions. The most 
commonly used groups are the peptide sequences Arg-Gly-Asp (RGD), Ile-Lys-
Val-Ala-Val (IKVAV) and Tyr-Ile-Gly-Ser-Arg (YIGSR), derived from the natural 
ECM proteins, such as fibronectin, vitronectin and laminin 21,25. Whereas RGD, 
a well-known integrin binding domain, is broadly used to improve adhesion of 
different cell types, more specific motifs are recognized as well. For example, the 
sequence Lys-Arg-Ser-Arg (KRSR) was shown to selectively increase osteoblastic 
cell adhesion 26-28. 
Cross-linking domains  
Cross-linking motifs are incorporated into the biomaterial to serve as sites to 
cross-link the protein, thereby increasing the gelation rate and the final stiffness of 
the scaffold. An example inspired by nature is Val-Pro-Gly-Val-Gly (VPGVG), 
derived from a tissue transglutaminase binding domain, which acts via 
interactions with tissue transglutaminase 19,29. Another example is the 
abovementioned KRSR domain, also known as a heparin (proteoglycan) binding 
motif. Through interactions with heparin, it may be used as cross-linking site.  
  Growth factor binding domains 
A biomaterial that contains groups with high affinity to growth factors may 
improve the biological properties of the scaffolds, because it provides control over 
the density of incorporated growth factors and over the release kinetics. Since 
heparin has a high affinity for multiple growth factors 30, the KRSR motif, via 
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interactions with heparin, can serve as a binding site for growth factors. The KRSR 
motif nicely illustrates that certain peptide sequences may serve multiple 
functions. 
Degradation sites 
The incorporation of enzymatically degradable sequences allows controlled 
material degradation. The sequences are cleave sites in the protein which are 
sensitive to specific proteases. Examples include sequences that are sensitive to 
collagenase: Ala-Pro-Gly-Leu (APGL), sensitive to plasmin: Val-Arg-Asn (VRN) or 
sequences derived from metalloproteinase-sensitive cleavage sites present in the 
natural ECM 19,25. 
Other functional domains 
Most of the functional motifs incorporated into the recombinant proteins have 
been inspired by sequences present in native ECM. However, the number of 
functional domains derived from other proteins which do not occur in the ECM is 
growing and expands the potential of protein-based biomaterials tremendously 21.  
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1.4 Aim and organization of the thesis 
The aim of this thesis is to study genetically engineered protein-based 
polymers, designed in our group, as a potential material for application in tissue 
engineering. In particular, the physico-chemical and biological properties are 
investigated, and the material is further developed to adjust its physical 
characteristics, particularly mechanical strength and gel structure, and cell – matrix 
interactions. The ability to incorporate multiple, independent functionalities in 
protein-based polymers, is emphasized.  
The recombinant protein-based material investigated in this thesis, further 
denoted as C2SH48C2, is a self-assembling, pH responsive triblock copolymer, 
produced by the genetically modified yeast Pichia pastoris. The basic version of the 
material consists of a silk-inspired middle block (SH48) flanked by two random coil-
forming blocks (C2). The SH48 block consists of 48 repeats of the histidine-rich 
octapeptide GAGAGAGH. This block is responsible for the pH-triggered self-
assembly of the protein into fibers. At low pH, the histidine residues are charged, 
and the protein is water-soluble. Upon increasing the pH above 6.5, the charges are 
neutralized, and due to decreased repulsion, the silk-inspired block folds and 
assembles to form supramolecular stacks. The C2 block consists of 2 identical 99 
amino acid-long sequences in tandem; this block assumes a random coil 
conformation, irrespective of temperature and pH. It is responsible for colloidal 
stability and prevents aggregation of the formed fibers. The C2SH48C2 design allows 
the formation of long fibers at physiological pH and fibrillar gels at higher protein 
concentrations. Due to its pH responsiveness, C2SH48C2 is suitable as injectable 
material.  
In Chapter 2 we describe the design and lab-scale recombinant production of 
the C2SH48C2 protein-based polymer. We analyze the protein self-assembly and gel 
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formation triggered by a pH increase to physiological values. The biocompatibility 
of the obtained gels is tested in 2D cell culture studies.  
In Chapter 3 we investigate the biological properties of C2SH48C2 after 
incorporation of cell active domains. The design and production of two modified 
versions of the C2SH48C2 protein-based polymer are described: (1) enriched in RGD 
domains, and (2) enriched in KRSR domains. We present a method of obtaining 
hydrogel scaffolds with independent control over the functional motif density and 
over the gel stiffness. Changes in cell adhesion, activity, and spreading in response 
to the incorporated functionalization are studied by means of 2D cell culture.  
In Chapter 4 we test the suitability of C2SH48C2 protein, enriched in RGD 
domains, for use as 3D cell culture scaffolds, by analyzing the viability and 
proliferation of encapsulated cells. The ability to control the cellular response by 
independent tuning of the RGD domain density and the stiffness of the scaffolds is 
investigated.  
We also explore the cross-linking ability of KRSR domains in the presence of 
heparin in Chapter 5. The influences of the KRSR motif density and the heparin 
concentration on fiber formation, fiber – fiber interactions, consequential gelation 
kinetics and final gel stiffness, are investigated.  
Finally, in Chapter 6 we discuss the promises and problems of genetically 
engineered protein-based polymers in general, as a relatively new material class, 
for use in tissue engineering and biomedical applications. We present examples of 
other protein-based polymers studied in the literature for biomedical use. Finally, 
we discuss the main perspectives and limitations of our material as well as further 
research directions.  
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Chapter 2 
Genetically engineered silk–inspired 
protein for biomedical applications: 
production, characterization and evaluation 
of cellular response 
 
Genetically engineered protein-based polymers are a class of multifunctional 
materials with precisely controlled molecular structure and property profile. 
Representing a promising alternative for currently used materials in biomedical 
applications, protein-based polymers offer multiple benefits over natural and 
chemically synthesized polymers, yet producing them in sufficient quantities for 
preclinical research remains challenging. In this chapter, we present results from an 
in vitro cellular response study of a recombinant protein that is soluble at low pH, 
and self-organizes into supramolecular fibers and physical hydrogels at neutral pH. 
It has a triblock structure denoted as C2SH48C2, which consists of hydrophilic random 
coil blocks and histidine-rich silk-inspired block. The protein was successfully 
produced by the yeast Pichia pastoris in lab-scale bioreactors, and it was purified by 
selective precipitation. This efficient and inexpensive production method provided 
material of sufficient quantities, purity and sterility for cell culture study. Rheology 
and erosion studies showed that it forms hydrogels exhibiting long-term stability, 
self-healing behavior and tunable mechanical properties. Primary rat bone marrow 
cells cultured in direct contact with these hydrogels remained fully viable; however, 
proliferation and mineralization were relatively low compared to collagen hydrogel 
controls, probably because of the absence of cell-adhesive motifs. As biofunctional 
factors can be readily incorporated to improve material performance, our approach 
provides a promising route towards biomedical applications. 
 
 
 
 
Published as: Włodarczyk-Biegun MK, Werten MWT, de Wolf FA, van den Beucken JJJP, 
Leeuwenburgh SCG, Kamperman M, Cohen Stuart MA. Genetically engineered silk-
collagen-like copolymer for biomedical applications: Production, characterization and 
evaluation of cellular response. Acta Biomaterialia. 2014;10:3620-9. 
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2.1 Introduction 
Genetically engineered protein-based polymers, with blocks inspired by 
animal extracellular matrix proteins, have great potential in modern medicine 1, 2. 
Since the pioneering work of Doel, Capello, Tirrell and others 3, several well-
defined polymers, composed of collagen-like 4, 5, elastin-like 6-8 or silk-like amino 
acid blocks 9-12, have been produced using recombinant DNA technology 1,13. This 
material class offers several benefits over synthetic polymers and animal-derived 
biopolymers 1, 2, 14, 15. 
First of all, structural elements found in nature, such as (triple) helices,                 
-sheets or -rolls, can be combined in protein-based polymers with great 
flexibility, enabling control over structure and material properties. Second, 
a desired number of biofunctional domains, such as cell binding sites, can be 
incorporated into the protein sequence. These benefits allow the design of 
biomimetic scaffolds that resemble the structure and the composition of native 
extracellular matrix (ECM) and can induce desired cell responses 1, 16, 17. Third, there 
is little batch-to-batch variation in protein-based polymers. Once the genetically 
modified host organism for production has been constructed, the material 
production process, consisting of fermentation and purification, can be routinely 
repeated. Fourth, the recombinant product (and all its constituting blocks) is 
monodisperse as the biosynthetic pathway ensures that all individual molecules 
are, in principle, identical. Finally, common concerns with animal derivatives, such 
as the risk of uncontrolled degradation and possible contamination with 
transmissible disease agents, are avoided 1, 17. 
Although the field of genetically engineered protein-based polymers offers 
many possibilities, some critical challenges remain. One of the main limitations for 
the use of recombinant proteins in preclinical materials research is the low product 
yield and the resulting small quantities of material that are typically obtained in 
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the laboratory 1. Our group was the first to report the use of the methylotrophic 
yeast Pichia pastoris for the secreted production of protein-based polymers with 
repetitive sequence 4, and has since successfully produced recombinant collagen-, 
silk-, and elastin-like proteins at relatively high yields 18-23. This includes the silk-
inspired protein 21,24 used in this work, which is produced at g/l levels 21. In 
addition to high yields, the advantages of the Pichia pastoris system include the 
ability to produce highly repetitive sequences 13 and to perform most post-
translational modifications 25. The presently used protein can self-assemble into 
a nanofibrous hydrogel and has structural and functional properties similar to 
those of the extracellular matrix of connective tissue. The polymer, denoted further 
as C2SH48C2, consists of a middle block (SH48) composed of 48 identical silk-like 
octapeptides in tandem, and two end random coil blocks (C2), each of which is 
composed of two identical 99 amino acid-long unfolded domains in tandem 21. The 
exact amino acid sequence of C2SH48C2 is presented in the Appendix, Figure 2.9. 
Like in natural collagen, glycine occurs as every third amino acid, and the 
incidence of proline residues is ~ 22 % in the C2 modules. Proline residues suppress 
β-sheet or α-helix formation, yet promote triple helix formation. However, the 
proline content in the C2 modules is too low to induce triple helix formation 
without post-translational hydroxylation. Therefore, because all the other amino 
acids in C2 are hydrophilic (mainly uncharged), and because the proline residues 
are not post-translationally hydroxylated, C2 assumes a random coil conformation, 
irrespective of temperature and pH 19. The silk-like repeating unit in the middle 
block SH48 is (in one-letter amino acid notation) GAGAGAGH. At low pH the 
histidine residues in the SH48 domain are charged and hence the block is unfolded 
and water-soluble. Upon increasing the pH to the condition of body fluid (pH 7.4), 
the charge on the SH48 domain is reduced and repulsion between chains decreases, 
which enables SH48 to fold and form supramolecular stacks. The conformational 
transition of SH48, in combination with colloidal stabilization by the hydrophilic, 
Genetically engineered silk–inspired protein for biomedical applications 
26 
randomly coiling C2 blocks in C2SH48C2, results in the formation of long nanofibers, 
making dilute fiber networks (gels) with an open structure at physiological pH. 
Since these gels are formed by physical forces, no addition of external cross-linkers 
is needed, which avoids the risk of the formation of toxic by-products. 
In this chapter, we present a thorough characterization of the properties of 
C2SH48C2 hydrogels that are relevant for cell culture and tissue engineering. The 
characterization included rheological and erosion analysis, as well as viability, 
proliferation and mineralization tests after culturing primary rat bone marrow 
stem cells (MSCs) in direct contact with these hydrogels. 
 
2.2 Materials and methods 
2.2.1 Fermentation  
The development of a Pichia pastoris strain for C2SH48C2 protein production was 
described recently by our group 21. The C2SH48C2 protein was produced by 
methanol fed-batch fermentation in 3 l and 7 l Bioflo bioreactors (New Brunswick 
Scientific) at 30 °C and pH 3, as described previously 21. The microfiltered, cell-free 
supernatant was stored at – 20 °C prior to use. 
2.2.2 Purification of C2SH48C2 protein 
The C2SH48C2 proteins were purified following a procedure that was modified 
from the previously reported procedure 21 to ensure high purity. The supernatant 
(450 ml) was thawed in a water bath at 25 °C. Next, the C2SH48C2 protein was 
selectively precipitated from the supernatant by adding ammonium sulfate over 
the course of 30 minutes to a final concentrations amounting to 45 % of saturation 
under continuous stirring, followed by mild stirring at 4 °C for 1 hour and 
centrifugation at 16 000 g at 4 °C in a Sorvall SLA-1500 rotor for 30 minutes. The 
obtained pellet was dissolved overnight in 450 ml of 50 mM formic acid under 
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continuous stirring at 4 °C, after which the precipitation procedure was repeated. 
The obtained pellet was redissolved overnight in 150 ml of 50 mM formic acid 
under continuous stirring at 4 °C and the C2SH48C2 protein was precipitated by the 
addition of acetone to a final concentration of 80 % (v/v). The obtained pellet was 
redissolved overnight in 225 ml of 50 mM formic acid under continuous stirring at 
4 °C and dialyzed (Spectrum Labs Spectra/Por 7 dialysis tubing with 1 kDa 
nominal molecular weight cut-off), first against 50 mM formic acid at 4 °C for 24 
hours (3 times buffer replacement), and then against 10 mM formic acid at 4 °C for 
16 hours (2 times buffer replacement). The final product was microfiltered 
(membrane pore size 0.2 µm) to sterilize the material and to remove any protein 
aggregates. After microfiltration, the protein was freeze-dried and kept under 
sterile conditions. It should be noted that freeze-drying was not performed under 
sterile conditions and no additional sterilization treatment was performed before 
the cell culture studies. 
 2.2.3 Material characterization 
2.2.3.1 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) 
Protein purity was assessed by SDS-PAGE using the Invitrogen NuPAGE 
Novex system, with 10 % (w/v) Bis-Tris gel, MES SDS running buffer and SeeBlue 
Plus2 molecular mass marker. Gels were stained using Coomassie SimplyBlue 
SafeStain. 
2.2.3.2 N-terminal sequencing 
N-terminal sequencing by Edman degradation was performed for the SDS-
PAGE gel band corresponding to the apparent mass of ~ 62 kDa (indicated by an 
arrow in Figure 2.1). Proteins were blotted onto a 0.2 µm polyvinylidene difluoride 
membrane (Invitrogen) using CAPS buffer (10 mM N-cyclohexyl-3-
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aminopropanesulfonic acid, pH 11, 10 % (v/v) ethanol). After staining with 
Coomassie SimplyBlue SafeStain, selected band was cut out and sent for 
sequencing. Protein sequencing was performed by Midwest Analytical (St. Louis, 
MO, USA). 
2.2.3.3 Amino acid analysis 
Amino acid composition analysis after acid hydrolysis was performed by 
Ansynth Service B.V. (Roosendaal, The Netherlands). 
2.2.3.4 Contaminant tests 
To determine the polysaccharide content in the purified protein, a phenol-
sulfuric acid sugar assay was performed. C2SH48C2 solutions with different protein 
concentrations (200, 500, 1000, 5000 mg/l) were prepared in Milli-Q water. Next, 
200 µl of protein solution was transferred to a microtube and 500 µl of 5 % (w/v) 
phenol solution and 1 ml of concentrated sulfuric acid were added. After vortexing 
and incubating for 30 minutes at 30°C, the absorbance at 485 nm was measured 
with an Ultrospec 2000 UV/VIS Spectrophotometer (Pharmacia Biotech). 
A calibration curve was constructed based on absorbance results obtained for 
known mannose concentrations (0, 10, 20, 50, 100, 150, 200 mg/ml). Additionally, 
C2SH48C2 protein was tested for the presence of endotoxins (Bactimm, Nijmegen, 
The Netherlands). Endotoxins were detected at the level lower than 0.5 EU/mg. 
2.2.3.5 Mass Spectrometry 
Matrix Assisted Laser Desorption/Ionization – Time of Flight (MALDI-TOF) 
mass spectrometry measurements were performed on an Ultraflex mass 
spectrometer (Bruker). The matrix consisted of 5 mg/ml 2,5-
dihydroxyacetophenone, 1.5 mg/ml diammonium hydrogen citrate, 25 % (v/v) 
ethanol and 1 % (v/v) trifluoroacetic acid. Sample droplets were dried onto 
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a 600 µm AnchorChip target. For calibration, Protein Calibration Standard II 
(Bruker) was used.  
2.2.3.6 Atomic Force Microscopy  
Freeze-dried protein was dissolved in 10 mM HCl to obtain a 0.2 % (w/v) 
solution and vortexed for 1.5 h using a multi-tube holder. Next, 0.1 M NaOH and 
Milli-Q were added to obtain a final protein concentration of 0.1 % (w/v) at pH 7.4. 
After 24 hours of incubation at room temperature, the solution was pipetted onto 
a silica wafer, left for 20 minutes to allow fiber deposition on the surface, then 
rinsed with Milli-Q and dried under a stream of nitrogen. Samples were analyzed 
using a Nanoscope V in tapping mode, with a non-conductive silicon nitride 
probe, spring constant 0.32 N/m (Veeco, NY, USA) and an image recording 
frequency of 0.997 Hz.  
2.2.3.7 Rheology 
Protein solutions in 10 mM HCl were prepared and vortexed for 1.5 hours 
using a multi-tube holder. The pH was increased to pH 7.4 by the addition of 0.1 M 
NaOH, whereafter phosphate buffered saline (PBS) was added to reach the desired 
protein concentration. Solutions were loaded immediately into a rheometer 
(Physica MCR 501 Rheometer, Anton Paar, Graz, Austria) with Couette CC10/T200 
geometry (Anton Paar), with a bob diameter of 10.002 mm, and cup diameter of 
10.845 mm. Each sample was placed in the measuring cell and covered with 
paraffin oil to avoid evaporation. Gel formation was analyzed by measuring 
storage and loss moduli as a function of time by applying a sinusoidal deformation 
(frequency (f) = 1 Hz and strain (γ) = 1 %). After 36 hours, the gels were broken 
(f = 1 Hz and γ = 0.1 to 100 %, steps: 10 %) to monitor self-healing behavior. 
Subsequent gel re-formation was analyzed. All measurements were performed at 
37 °C. 
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2.2.3.8 Erosion test 
C2SH48C2 protein was dissolved in 10 mM HCl (4 % (w/v) and 10 % (w/v)) and 
mixed for 4 hours on a programmable rotator-mixer (Biosan). Then 0.1 M NaOH 
was added until the desired protein concentration (2 % (w/v) or 5 % (w/v)) was 
obtained. Samples were prepared in triplicate. For each sample, 250 µl of the 
solution was transferred to a 2 ml Microtube and left overnight at room 
temperature to allow gelation. To each sample, 1 ml of sterile PBS with 0.001 % 
(w/v) NaN3 and optionally 400 ng/ml collagenase 1A (Sigma-Aldrich) was added. 
Vials were closed, covered with parafilm to avoid evaporation and incubated at 37 
°C, under continuous gentle shaking.  
Samples of 800 µl were taken from each microtube after 1, 3, 5, 7, 11, 15, 25, 35 
and 43 days. The sample liquid was replaced each time by an equal volume of 
fresh PBS/NaN3/collagenase. To estimate the amount of eroded protein, samples 
were analyzed by spectrophotometry using a Safire Microplate Reader (Tecan). 
A bicinchoninic acid (BCA) assay (Pierce) was used to determine the total 
concentration of proteins in the sample liquid. Details about the data analysis can 
be found in the Appendix (see Calculation of erosion).  
 2.2.4 Cell culture study 
2.2.4.1 Gel preparation 
Scaffolds with two different protein concentrations were prepared: 2 % (w/v) 
C2SH48C2 gels and 5 % (w/v) C2SH48C2 gels, denoted as SilCo-2 and SilCo-5, 
respectively. Freeze-dried C2SH48C2 protein was dissolved in 10 mM HCl (4 % (w/v) 
and 10 % (w/v)) and mixed for 4 hours on a programmable rotator-mixer (Biosan), 
after which 0.1 M NaOH was added to achieve the required final concentration of 
proteins (2 % (w/v) or 5 % (w/v)). These protein solutions were immediately 
transferred to 48-well cell culture plates (250 µl per well) and left overnight at 
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room temperature to allow gel formation. Overnight gel formation was 
a conservative approach, as the gels were self-supporting after a few minutes. Gels 
were washed twice with PBS and incubated overnight in cell culture medium to 
ensure a pH value of 7.4 throughout the gels.  
Collagen samples, used as a reference, were prepared using BDTM Collagen I, 
Rat tail, following the alternate gelation procedure provided by the manufacturer. 
PBS (10x concentrated), BD collagen, 1 M NaOH and Milli-Q were mixed on ice to 
reach a final collagen concentration of 3 mg/ml and pH of 7.4. The collagen 
solution (250 µl per well) was transferred to 48-well cell culture plates and left for 
30 minutes at 37 °C to allow gelation. Gels were stored in cell culture medium at 
room temperature for 2 days.  
2.2.4.2 Preculture 
Cryopreserved primary bone MSCs isolated from Wistar rats (6 – 7 weeks old) 
were precultured for 4 days in proliferation medium (MEM α, Gibco, cat. no. 
22571), supplemented with 10 % (v/v) fetal bovine serum (FBS), at 37 °C, 95 % 
relative humidity and 5 % CO2. After 4 days, cells were washed twice with PBS, 
enzymatically detached by exposure to trypsin-EDTA (0.25 % (w/v) trypsin, 0.02 % 
(w/v) EDTA) for 5 minutes and resuspended in osteogenic medium (MEM α 
supplemented with 10 % (v/v) FBS, 100 U/ml penicillin and 10 µg/ml streptomycin 
(Gibco), 50 mg/l ascorbic acid (Sigma-Aldrich), 10 nM dexamethasone (Sigma-
Aldrich), 10 mM β-glycerophosphate disodium salt hydrate (Sigma-Aldrich), 50 
mg/l gentamicin (Gibco)). 
2.2.4.3 Cell culture  
To half of the gels, 500 µl of cell suspension in osteogenic culture medium was 
added to achieve a final seeding density of 20.000 cells/cm2. The second half was 
left without cells, and used as comparison. For all samples, cell culture medium 
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was refreshed after 3, 7, 10, 14 and 17 days. The entire study was run in incubators 
at 37 °C, 95 % relative humidity and 5 % CO2 for 21 days. 
2.2.4.4 Cell viability 
To assess cell viability, a LIVE/DEAD Viability/Cytotoxicity Kit (Life 
Technologies) was used. At day 3, 7, 10, 14 and 21, three samples of each gel type 
(SilCo-2, SilCo-5 or collagen) were removed from the incubator and washed twice 
with 1 ml sterile PBS. After washing, the samples were incubated in 0.5 ml PBS 
solution with 2 mM calcein acetoxymethyl ester and 4 mM ethidium homodimer, 
in the dark, for 30 minutes at 37 °C. Afterwards, gels were washed twice with 
sterile PBS and cell viability was assessed using a fluorescence microscope (Axio 
Imager Microscope Z1; Carl Zeiss Micro Imaging GmbH) at a wavelength of 
488 nm (to visualize live cells in green) and 568 nm (to visualize dead cells in red). 
2.2.4.5 Cell proliferation 
To determine cell proliferation, DNA content was measured at different time 
points. At day 3, 7, 10, 14 and 21, three gel samples of each type were removed 
from the incubator, washed twice with 1 ml PBS and stored at – 80 °C until further 
use. To perform the test, samples were thawed and 500 µl of water was added to 
each well. Two additional freeze/thaw cycles were performed to lyse the cells. 
Afterwards each gel sample was transferred to microtubes and centrifuged for 
5 minutes at 2000 g to separate gel residues from the supernatant. DNA content 
was measured using the QuantifluorTM dsDNA System (Promega) following the 
protocol of the manufacturer. Briefly, 100 μl DNA standards (0 – 2000 ng/ml) or 
50 μl supernatant obtained after sample centrifugation, diluted with 50 μl Tris-
EDTA (10 mM Tris, 1 mM EDTA, pH 7.5), was incubated with 100 μl freshly made 
QuantifluorTM Dye working solution for 5 minutes at room temperature in the 
dark. Afterwards, the emission of the solution at 485 nm and its fluorescence at 
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530 nm were measured using a FLx800 fluorescence microplate reader (Bio-Tek 
Instruments). The results were calculated as ng/ml of total sample volume (total 
volume of gel plus 500 µl of added water).  
2.2.4.6 Cell differentiation 
To estimate osteogenic differentiation, alkaline phosphatase (ALP) activity and 
calcium content were determined for three gel samples of each type after 3, 7, 10, 
14 and 21 days. For ALP-activity measurements supernatant prepared for DNA 
quantification was used. Briefly, 100 μl of standard solution (0 – 25 nmol                 
4-nitrophenol (4-NP)) or 80 μl of diluted supernatant obtained after sample 
centrifugation mixed with 20 μl buffer solution (5 mM magnesium chloride, 0.5M 
2-amino-2methyl-1-propanol) was incubated with 100 μl substrate solution (5 mM 
p-nitrophenylphosphate disodium salt) for 60 minutes at 37 °C in an incubator. 
Afterwards, 100 μl stop solution (0.3 M NaOH) was added and absorbance was 
measured at 405 nm on a PowerWave X340 microplate spectrophotometer (Bio-Tek 
Instruments). The supernatant was diluted with buffer solution (2–80 times) to 
obtain results in the range of the calibration curve. The ALP activity results were 
calculated in nmol of 4-NP/h/ng DNA.  
For determination of the calcium content, samples were washed once with 
1 ml PBS and incubated overnight in 1 ml of 0.5 M acetic acid to dissolve mineral 
deposits, after which the samples were frozen at – 80 °C until further use. Prior to 
measurement, samples were thawed and spun down for 2.5 minutes at 3000 g. The 
determination of the calcium content was performed as follows: 10 µl of a diluted 
supernatant or calcium standard (0–100 µg/ml) was incubated with 300 µl reagent 
(14.8 M ethanolamine/boric acid buffer pH11/o-cresolphtalein complexone/ 
hydroxyquinoline/Milli-Q) for 5–10 minutes at room temperature. The absorbance 
of the solutions was measured at 570 nm on a PowerWave X340 microplate 
spectrophotometer (Bio-Tek Instruments). The supernatant was diluted with 0.5 M 
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acetic acid (2–10 times) to obtain results in the range of the calibration curve. 
Calcium content was calculated as µg/ml of sample volume (total volume of gel 
plus 500 µl of added water).  
2.2.4.7 Mineral characterization 
The molecular structure of mineral deposited in the samples was studied with 
Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR, 
Spectrum One, Perkin Elmer) and analyzed with Spectrum version 0.1.  
 2.2.5 Statistical analysis 
Cell culture results are presented as the mean ± standard deviation (n = 3). 
Statistical analysis was performed using SPSS Statistics software. Significance of 
differences in time between materials was estimated by one-way repeated-
measures Analysis of Variance (ANOVA) combined with a Bonferroni post-test, 
assuming that hydrogel samples within one material group can be treated as 
identical. When the assumption of sphericity was violated, according to Mauchly’s 
test, multivariate tests were reported (data shown in Appendix). Differences 
between materials at the same time point and differences in time within each 
material group were tested by one-way ANOVA combined with Bonferroni post-
tests for groups with homogeneity of variance and combined with Games-Howell 
post-test for groups exhibiting variance heterogeneity. For ALP activity analysis of 
SilCo-2 and SilCo-5, a lack of variance heterogeneity was ignored and the 
Bonferroni post-test was used to detect significant differences. Significant 
differences are marked by * for p < 0.05. 
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2.3 Results and discussion  
2.3.1 C2SH48C2 protein production and purification 
The C2SH48C2 protein was produced in genetically modified Pichia pastoris. The 
yield of purified protein, calculated as protein mass after desalting and freeze-
drying per volume of clarified fermentation broth, was, on average, 2.6 g/l. Using 
a 7 liter bioreactor (working volume ~ 5l) we obtained, in one run, 5.93 g pure 
protein from ~ 2.2 l of cell-free medium. This amount of material is sufficient to 
produce around 300 ml of 2 % gel (SilCo-2) or around 120 ml of 5 % gel (SilCo-5). 
Considering that the system was not yield-optimized, the good yield shows the 
potential of our approach. C2SH48C2 protein was purified by twice repeated 
ammonium sulfate precipitation (AS), one subsequent acetone precipitation, 
desalting and microfiltration and verified by SDS-PAGE (see Figure 2.1). Acetone 
precipitation was used in addition to ammonium sulfate, because it is relatively 
fast and the effectiveness was previously shown for silk- and collagen-inspired 
protein purification 18,19. However, upscaling of the acetone precipitation process 
would be limited by health and safety issues, and in future work we plan to omit 
this step in the purification process. During purification, it was found that the time 
allowed to dissolve precipitated or dried C2SH48C2 protein had a large influence on 
the final purity of the product. To obtain completely dissolved protein, overnight 
stirring of the protein pellet at low pH and at relatively low C2SH48C2 protein 
concentration was needed. Most probably, the slow dissolution of the protein can 
be explained by the strong driving force to fold and stack the silk-like SH48 blocks, 
which are the domains responsible for fibril formation 21. Slowly dissolving 
aggregates of C2SH48C2 protein most probably hinder purification by encapsulation 
of impurities inside the aggregated material, thus preventing the removal of these 
impurities until the C2SH48C2 protein is completely dissolved.  
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Protein identity and purity were assessed by SDS-PAGE, MALDI and            
N-terminal sequencing and amino acid analysis. The purity of the proteins was 
estimated to be ~ 98 %, based on amino acid analysis and subsequent linear least-
squares fitting to the observed data of (1) the theoretical composition of the pure 
protein and (2) the composition determined for host-derived proteins present in 
the medium. MALDI (see Appendix, Figure 2.10) showed a peak at 66,092 Da, 
which agrees, within experimental error, with the expected molecular weight (Mw 
= 66,111 Da) of C2SH48C2 protein. Additional peaks stem from different ionization 
states of the protein. These results indicate that C2SH48C2 protein degradation 
products, side products and protein impurities were absent. The small shoulders 
visible on the high-Mw side of the 66,092 Da peaks reflect the presence of an         
N-terminal Glu-Ala or (Glu-Ala)2 extension in a small percentage of the C2SH48C2 
molecules, as a result of incomplete intracellular processing of the N-terminal 
propeptide used to achieve secretion.  
 
 
Figure 2.1. SDS-PAGE of C2SH48C2 protein after consecutive purification steps: lane 1: cell 
free fermentation broth; lane 2: redissolved pellet after the first ammonium sulfate 
precipitation; lane 3: final product after dialysis and freeze-drying; lane 4: molecular weight 
marker. The arrow is pointing at the band extracted for N-terminal sequencing. Note that 
the precipitated proteins were concentrated and band intensities cannot be compared. 
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SDS-PAGE of the final product (lane 3) showed the main protein band 
migrating to ~ 120 kDa and the clearest minor band migrating to ~ 62 kDa (marked 
by an arrow in Figure 2.1), whereas the calculated molar mass of C2SH48C2 protein 
is 66 kDa. The major band at ~ 120 kDa probably corresponded to the intact 
product, because it migrated at approximately the same position as previously 
observed for C2SH48C2, where N terminal sequencing revealed the correct N-
terminus 21. A similar difference between apparent and true molar mass has been 
observed for both C2SE48C2 and SE24C4SE24 (in which the E superscript refers to 
glutamic acid and indicates that the repeating silk octapeptide S was now 
GAGAGAGE) 18. Previous studies on proline- and glycine-rich proteins also 
reported large overestimations of molecular weights 4, 27-29. This discrepancy was 
ascribed mainly to high polarity and acidity of the proteins, resulting in weaker 
SDS binding and abnormal, slow migration 18, 30. As shown in Figure 2.1, the 
~ 120 kDa band represents the majority of that product in SDS-PAGE and, as 
described above, MALDI indicated an intact and pure product. Based on this data 
and on previous reports, we conclude that the difference between the apparent and 
true molar mass of the sample (~ 120 kDa and ~ 66 kDa, respectively) can be 
explained by the extremely hydrophilic nature of C resulting in slower migration 
than that of reference proteins.  
To investigate the nature of the clearest minor band migrating to ~ 62 kDa,    
N-terminal sequencing was performed. The sequence expected for the intact         
N-terminus of the mature (fully processed) C2SH48C2 protein was found. As MALDI 
indicated a pure and intact protein, the minor bands must represent an SDS-PAGE 
artifact. Indeed, the occurrence of SDS-resistant conformers would not be 
unexpected for this type of hyperstable proteins with β-sheet stacks.  
As large amounts of polysaccharides (phosphomannans) are present in the 
extracellular medium of Pichia pastoris cultures, a sugar assay was done on purified 
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C2SH48C2 with mannose as a reference. The purified protein was found to contain 
only 1.26 ± 0.32 % of polysaccharides.  
2.3.2 Gel formation 
C2SH48C2 protein can form networks and hydrogels via a self-assembly process 
driven by histidine-containing silk-like domains. As described previously 21, the 
SH48 mid-block becomes insoluble when the pH is shifted from acidic to neutral 
values (e.g. 7.4), i.e., when the charge on the histidine residues is decreased and 
fibril formation occurs. Figure 2.2 shows an AFM picture of fibers formed in 
a dilute C2SH48C2 protein solution at pH 7.4, after 24 hours of incubation. The fibers 
reached lengths in the micrometer range. The fibers formed by C2SH48C2 protein can 
stick together, entangle and finally form a hydrogel network. In the present study, 
we used gels with two C2SH48C2 protein concentrations, viz. 2 % (w/v) (SilCo-2) and 
5 % (w/v) (SilCo-5) (see Appendix, Figure 2.11). The SilCo-2 gel was transparent 
and clear without enclosed air bubbles. The more concentrated SilCo-5 gel was 
turbid and contained some air bubbles, which were generated during mixing and 
could not be released due to fast gelation. The turbidity may have been caused by 
aggregation (clustering) of fibers in the network 31, or by some insoluble C2SH48C2 
protein that was not properly incorporated in the nanofibers.  
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Figure 2.2. AFM image of 0.1 % (w/v) C2SH48C2 protein solution after 24 hours incubation at 
pH 7.4 and room temperature, followed by 20 minute deposition on the silica wafer, rinsing 
and drying.  
 
The setting time and kinetics of gel formation strongly depended on protein 
concentration, in agreement with our previous study 21. We analyzed the gelation 
behavior of both SilCo-2 and SilCo-5 material at 37 °C and pH 7.4 (Figure 2.3). 
A 5 % C2SH48C2 solution formed a gel immediately and the storage modulus (G’) 
reached a plateau in ~ 1.5 hours (Figure 2.3A). Gelation was significantly slower for 
2 % C2SH48C2, and more than one day was needed to obtain a plateau value for the 
storage modulus (Figure 2.3B). The speed of gelation depended not only on the 
protein concentration, but also on the rate of increase of pH: a faster increase led to 
a faster setting of the gel. From an application point of view, the gelation time is 
a very important parameter. The time should be tailored to clinical needs: long 
enough to be able to place the material correctly in the body, yet short enough to 
limit the waiting time during surgery 32-34. A concentration of 5 % C2SH48C2 seems to 
meet these requirements: after 5 minutes the gel reached a storage modulus of 
1kPa and became self-supporting. A further increase of gel concentration would 
probably lead to even shorter gelation times; however, it would render material 
handling more difficult. 
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Figure 2.3. Storage (G’) and loss (G’’) modulus as a function of time during gel formation 
and gel recovery after applying stress: (A) SilCo-5, (B) SilCo-2. Dark lines: loss modulus; 
Bright dashed lines: storage modulus. The inserts show G’ and G’’ development in the first 
hour. 
 
After complete gelation, the G’ of the SilCo-2 gels reached a plateau value of 
~ 500 Pa, whereas the SilCo-5 gels reached a plateau value as high as 7 kPa. The 
elastic behavior (G’) dominated the viscous behavior (G’’) in both cases. The 
mechanical properties of a scaffold have a great influence on cell growth, 
differentiation into special cell types and general tissue regeneration at the place of 
implantation 35, 36. Most of the cells are anchor dependent and cannot stay viable in 
suspension 37. Ideally, the mechanical properties of the scaffold should match the 
mechanical properties of the tissue 38, i.e. appropriate target compressive strengths 
for bone replacements are between 2 and 30 MPa 34, but at least should be sufficient 
to maintain cohesion during and after injection 39. In comparison to previous 
studies reporting elastic moduli of ~ 1 kPa or less for protein-derived materials 
without additional cross-linking (at 37 °C) 40, 41, the 7 kPa reached by non-
covalently cross-linked C2SH48C2 gels is promising. 
Non-covalently cross-linked networks composed of fibrils often show strain 
hardening and can heal after breaking 21, 42-44. For both SilCo-2 and SilCo-5 gels, 
strain hardening appeared right before rupture of the system, visible as a rapid 
increase in storage modulus prior to dropping down to zero. Strain-induced 
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stiffening is beneficial for biomaterials, as it provides structural resistance to 
applied forces 43, 44, but it is difficult to obtain in synthetic polymer networks. After 
rupture, network recovery was observed for both SilCo-2 and SilCo-5 gels. 
However, the recovery of the SilCo-5 gels was not complete after 14 hours since G’ 
reached a plateau at 5 kPa after healing, in comparison to 7 kPa before breaking 
(see Figure 2.3). In contrast, the SilCo-2 gels fully recovered after breakage, and the 
original G’ values were reached in a few hours. These observations are in 
agreement with a previous study which showed that recovery is concentration- 
and pH-dependent 21. The self-healing of the SilCo-2 gels was faster than the initial 
network formation, a phenomenon observed for other C2SH48C2 concentrations 21 
and for structurally unrelated gels formed by entirely collagen-like telechelic 
protein-based polymers 45. The effect may result from interaction between 
preformed (already present) gel structures that are broken but can interact and 
heal in a way that is faster than gel formation from scratch. Remarkably, the 
healing of the SilCo-5 gels was fast, but not faster than the initial gel formation, 
probably because the initial gel formation for such a high protein concentration 
was fast enough to compete with the rate-limiting step in healing (this represents 
a shift in the limiting step compared to the SilCo-2 gel). 
2.3.3 Gel erosion 
Figure 2.4 shows the erosion of SilCo-2 and SilCo-5 gels in PBS at 37 °C as 
a function of time. Erosion results from disconnection from the network, and 
release into the medium, of C2SH48C2 material (in any form). It will primarily occur 
at the interface between the network (gel) and the surrounding buffer. In the 
present study, the erosion was followed in the course of time by 
spectrophotometric determination of the concentration of the released protein in 
the surrounding buffer. The results showed that both SilCo-2 and SilCo-5 were 
stable enough to be used as scaffolds in cell culture. None of the samples swelled, 
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independent of protein concentration. Both types of gel eroded slowly, but gels of 
lower concentration eroded faster. After 43 days, about 28 % of the SilCo-2 gel, and 
about 13 % of the SilCo-5 gel was eroded. After 11 days, disconnection of the gels 
from the bottom of the microtubes was observed for SilCo-2 samples. These gels 
broke into pieces when the medium was replaced, whereas the SilCo-5 gels were 
connected to the bottom during the entire test. The SilCo-2 gels appeared to be 
more fragile and prone to damage during the medium exchange. As a result, these 
gels had a larger area interacting with the medium, which led to faster erosion. 
Most probably, the SilCo-5 gels were more stable because at high concentrations 
there are more attractive inter-filament contacts per unit weight.  
 
 
Figure 2.4. Cumulative erosion ( %) of C2SH48C2 gels in the course of time. Bright triangles: 
SilCo-2; dark squares: SilCo-5. The experimental error is indicated, but is often within the 
size of the symbols. 
 
The erosion study was performed under standard conditions that involve the 
presence of collagenase 1A. As a control, samples without collagenase were also 
prepared. No effect on the erosion rate was observed, in accordance with the 
absence of collagenase target sites in the C2SH48C2 sequence.  
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2.3.4 Cell viability and proliferation 
After studying gel formation and stability, cell behavior on hydrogel scaffolds 
was analyzed. Primary rat bone MSCs were seeded on SilCo-2, SilCo-5, and on 
collagen gels. Cell viability and proliferation were measured after 3, 7, 10, 14 and 
21 days of culture in osteogenic medium. For the full 21-day duration of the cell 
viability study, C2SH48C2 gels were strongly attached to wells. On the other hand, 
collagen gels were detached from the culturing plate due to shrinkage. 
A LIVE/DEAD assay confirmed the viability of MSCs on the C2SH48C2 gels. The 
assay shows live cells as green and dead cells as red. Fluorescence microscopy 
pictures (Figure 2.5) show that almost all cells on the C2SH48C2 gels, as well as on 
the collagen samples used as a reference, were alive throughout the 21-day culture 
period. However, a certain number of dead cells may have been washed away 
during LIVE/DEAD assay preparation, which would lead to an overestimation of 
the cell viability. The results show that the proposed protein purification, based on 
simple selective precipitation techniques and microfiltration, provides sufficient 
purity and sterility for use of the protein in cell culture studies. For collagen gels, 
confluent layers of viable cells were observed after 7 days and the cells were evenly 
distributed. On the C2SH48C2 gels, cells did not form confluent layers, but were 
distributed in separate clusters. Inspection of the cell shapes on the different 
materials showed that cells spread more abundantly and earlier on collagen as 
compared to the C2SH48C2 gels. More specifically, spread cells were visible on the 
collagen gels already on samples at day 3, whereas on the C2SH48C2 gels they 
started to be visible at day 7. Some cells stayed spherical on the C2SH48C2 gels 
even after 10 days. No differences were visible in cell culture between SilCo-2 and 
SilCo-5 gels. One explanation for the delayed spreading of cells on gels of both 
concentrations of C2SH48C2 may be the lack of cell-adhesive peptide sequences in 
C2SH48C2. 
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Figure 2.5. Cell survival on SilCo-2, SilCo-5 and collagen gels after 3, 7, 10, 14 and 21 days of 
cell culture, monitored by the LIVE/DEAD assay. Live and dead cells show up as green and 
red colored, respectively. Scale bar = 200 μm. 
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Cell proliferation, as determined by measuring DNA content, is shown in 
Figure 2.6. Values were obtained by subtracting absorption data of gels without 
cells from gels with cells. Negative values, therefore, mean that no DNA could be 
detected. For all gels, the DNA content increased in time, and was significantly 
higher on day 21 than on day 3. A small but significant difference was observed 
between collagen and C2SH48C2 at day 10 and day 21 (see also replotted data in 
Appendix, Figure 2.12), the DNA content being higher for the cultures on collagen. 
Within the collagen group, the variance of the data was large, which was most 
probably caused by small amounts of collagen in the samples interfering with the 
DNA assay. The gels were destroyed by freeze-thaw cycles, and spun down to 
separate protein from the supernatant. It was difficult to form a pellet in the 
collagen gel-derived samples after freeze-thawing and centrifugation. Some gel 
pieces stayed in the supernatant and increased the light absorption in the 
spectrophotometric measurement. The results of the proliferation assay are 
consistent with the data of the LIVE/DEAD assay, and indicate that although cells 
were proliferating on all gel types, they proliferated to a higher extent on collagen 
scaffolds than on C2SH48C2 scaffolds. The difference is probably due to a lack of cell-
adhesive sites in the C2SH48C2 gels. The presence of heparin-binding domains or the 
incorporation of anionic nucleation sites for mineralization could further enhance 
cell adhesion, especially for cells differentiated into osteoblasts 16.  
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Figure 2.6. DNA content at different time points of cell culture on SilCo-2, SilCo-5 and 
collagen gels. * p < 0.05 relative to samples at day 21.  
 
2.3.5 Cell differentiation 
Differentiation of the cells into osteoblasts was analyzed by studying early and 
late mineralization markers. The results for early cell differentiation are shown in 
Figure 2.7, which shows the alkaline phosphatase (ALP) activity of cells cultured 
on SilCo-2, SilCo-5 and on collagen gels, normalized for the measured DNA 
content. In all cultures, the ALP activity increased significantly over the course of 
time. A significantly higher ALP activity was measured in the cultures on the 
collagen gels than in the cultures on the SilCo-2 or SilCo-5 gels (Figure 2.7, and 
Figure 2.13 in Appendix).  
Chapter 2 
47 
 
 
Figure 2.7. ALP activity, normalized for the DNA content, at different time points of cell 
culture on SilCo-2, SilCo-5 and collagen gels. * p < 0.05 relative to samples at day 21.  
 
 
Figure 2.8. Calcium content at different time points of cell culture on SilCo-2, SilCo-5 and 
collagen hydrogels; “w cells”: levels obtained from cell cultures; “w/o cells”: levels obtained 
from gels without cells (i.e. on which no cells were seeded). * p < 0.05 relative to collagen 
samples.  
 
The extent of mineralization, which is a late marker for osteogenic 
differentiation, was measured by quantifying calcium accumulation. The data 
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presented in Figure 2.8) show that calcium is present in all samples, with and 
without cells. This indicates that all gels exhibit the ability to bind calcium. 
However, collagen binds significantly more calcium than C2SH48C2. To analyze the 
cell-specific, cell differentiation-related calcium uptake, the amount of calcium 
detected in the gels without cells was subtracted from values detected in gels with 
cells. For SilCo-2 and SilCo-5 (Brown-Forsythe F, (F(4, 3.08) = 5.86, p < 0.05)), the so-
derived cell-specific calcium levels increased significantly over the course of time 
(see Appendix, Figure 2.14). There was no significant difference between the cell-
specific calcium levels obtained with the SilCo-2 and SilCo-5 gels at any time (see 
Appendix, Figure 2.15). For collagen gels, negative values were obtained after 
subtracting the amount of calcium without cells from values obtained with cells. 
The most probable explanation of these negative values is the observed shrinkage 
of collagen gels during cell culture, which could lead to exclusion of calcium ions 
from the hydrogel network. The contraction of collagen networks is often 
mentioned as one of the main drawbacks of collagen as a scaffold material in 
regenerative medicine 46, 47. Contraction of C2SH48C2 gels was not observed. Another 
explanation of the negative values observed for collagen could be that the presence 
of a confluent layer of cells on collagen partially blocks further entrance of calcium 
ions.  
  In view of the low ALP activity of cultures on C2SH48C2 gels, as compared to 
cultures on collagen, the calcium content of C2SH48C2 was surprisingly high. ALP is 
an enzyme inextricably interwoven with the ossification process 48, and 
mineralization should be preceded by an explicit increase in production of this 
marker. Possibly, most of the calcium detected in C2SH48C2 samples did not 
originate from ossifying cells, but merely from the scaffold gels that also absorbed 
or bound calcium from the culture medium. If that were the case, the calcium 
content would not be a proper measure of the differentiation of cells. On the other 
hand, the discrepancy between the relatively low ALP activity and the relatively 
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high calcium content could have been caused by a different efficiency of extraction 
of ALP and calcium from the scaffold-bound cell cultures. To determine the ALP 
activity, the ALP was extracted from the cells by freeze-thawing and remaining 
non-soluble particles were spun down and removed. This method may not have 
been sufficient to release all of the ALP, because the gel was visibly not completely 
destroyed during freeze-thawing, and because some cells had migrated into the 
gel. The latter was evident from fluorescence microscopy, which showed cells on 
different focal planes in the gels. In contrast to the ALP extraction procedure, the 
(pH-responsive) C2SH48C2 gels were completely destroyed during the extraction of 
calcium with acetic acid.  
The above-discussed attraction of calcium by the C2SH48C2 gels seems to be 
a disturbing factor in the analysis of differentiation-related cell calcium levels but, 
for the purpose of bone tissue engineering, calcium attraction to the scaffold may 
be advantageous. To get more insight in the mineralization process, samples from 
all cultures were analyzed by FTIR and compared with gels without cells, 
incubated in cell culture medium. Figure 2.16 (Appendix) shows the spectra 
obtained from early (3-day cell culture) and late (21-day cell culture) samples. 
Sharp bands at 1040, 600 and 570 cm-1, characteristic for apatite, were only visible 
in the collagen sample with cells after 21 days. These data show that only collagen 
gels promoted apatite formation. The combined ALP and FTIR results support the 
hypothesis that all gels tested do bind or absorb calcium ions from the medium 
and that the negative values of cell-specific calcium detected in the collagen 
cultures were due to calcium exclusion from the collagen gel, which only contracts 
in the presence of cells. 
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2.4 Conclusions 
In this chapter, we described the production and cell culture of de novo 
designed genetically engineered protein-based polymers with a central pH-
responsive silk-like block and flanking randomly coiling blocks (C2SH48C2). 
Production in laboratory-scale bioreactors and purification by selective 
precipitation with microfiltration provided material of sufficient quantities, purity 
and sterility for cell culture study. C2SH48C2 proteins were capable of forming 
nanofibers and stable, stiff and self-healing fiber gels at physiological pH. We 
demonstrated that rat bone MSCs cultured in direct contact with the hydrogels 
were viable and mineralized in vitro, albeit to a lower extent than for the collagen 
hydrogel controls. More specifically, a LIVE/DEAD assay indicated that cells 
remain viable on top of C2SH48C2 gels without any additional morphological 
changes, i.e. the protein purity levels were sufficient and the C2SH48C2 gels were not 
cytotoxic. However, the cells did not spread as well as on collagen matrices and 
consequently did not proliferate to form a confluent layer, most likely due to the 
lack of Arg-Gly-Asp- or other cell-binding sequences. Cell differentiation into the 
osteogenic lineage was detected on C2SH48C2 scaffolds, though only at low levels. 
Overall, we can conclude that C2SH48C2 is a promising scaffold for culturing bone 
cells, but that adhesion of cells, by e.g. incorporation of RGD domains, should be 
improved. This can be readily implemented in the recombinant approach 
employed here, and will be subject of the next chapter. 
 
 
 
Chapter 2 
51 
References 
1. Sengupta D, Heilshorn SC. Protein-engineered biomaterials: Highly tunable 
tissue engineering scaffolds. Tissue Eng Part B Rev 2010;16:285-93. 
2. Romano NH, Sengupta D, Chung C, Heilshorn SC. Protein-engineered 
biomaterials: Nanoscale mimics of the extracellular matrix. Biochim Biophys 
Acta 2011;1810:339-49. 
3. Kopecek J, Yang J. Smart self-assembled hybrid hydrogel biomaterials. Angew 
Chem Int Ed Engl 2012;51:7396-417. 
4. Werten MW, van den Bosch TJ, Wind RD, Mooibroek H, de Wolf FA. High-
yield secretion of recombinant gelatins by Pichia pastoris. Yeast 1999;15:1087-
96. 
5. Bracalello A, Santopietro V, Vassalli M, Marletta G, Del Gaudio R, Bochicchio 
B, et al. Design and production of a chimeric resilin-, elastin-, and collagen-like 
engineered polypeptide. Biomacromolecules 2011;12:2957-65. 
6. Urry DW. Physical chemistry of biological free energy transduction as 
demonstrated by elastic protein-based polymers. J Phys Chem B 
1997;101:11007-28. 
7. Lee TAT, Cooper A, Apkarian RP, Conticello VP. Thermo-reversible self-
assembly of nanoparticles derived from elastin-mimetic polypeptides. Adv 
Mater 2000;12:1105-10. 
8. MacEwan SR, Chilkoti A. Elastin-like polypeptides: Biomedical applications of 
tunable biopolymers. Biopolymers 2010;94:60-77. 
9. Prince JT, McGrath KP, DiGirolamo CM, Kaplan DL. Construction, cloning, 
and expression of synthetic genes encoding spider dragline silk. Biochemistry 
1995;34:10879-85. 
10. Anderson JP, Cappello J, Martin DC. Morphology and primary crystal 
structure of a silk-like protein polymer synthesized by genetically engineered 
Escherichia coli bacteria. Biopolymers 1994;34:1049-58. 
11. Anderson JP. Morphology and crystal structure of a recombinant silk-like 
molecule, SLP4. Biopolymers 1998;45:307-21. 
12. Rabotyagova OS, Cebe P, Kaplan DL. Self-assembly of genetically engineered 
spider silk block copolymers. Biomacromolecules 2009;10:229-36. 
13. van Hest JC, Tirrell DA. Protein-based materials, toward a new level of 
structural control. Chem Commun (Camb) 2001:1897-904. 
14. Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive extracellular 
microenvironments for morphogenesis in tissue engineering. Nat Biotechnol 
2005;23:47-55. 
15. Kim MS, Kim JH, Min BH, Chun HJ, Han DK, Lee HB. Polymeric scaffolds for 
regenerative medicine. Polym Rev 2011;51:23-52. 
Genetically engineered silk–inspired protein for biomedical applications 
52 
16. Shin H, Jo S, Mikos AG. Biomimetic materials for tissue engineering. 
Biomaterials 2003;24:4353-64 
17. Romano NH, Sengupta D, Chung C, Heilshorn SC. Protein-engineered 
biomaterials: Nanoscale mimics of the extracellular matrix. Biochimica Et 
Biophysica Acta-General Subjects 2011;1810:339-49. 
18. Martens AA, Portale G, Werten MWT, de Vries RJ, Eggink G, Stuart MAC, et 
al. Triblock protein copolymers forming supramolecular nanotapes and pH-
responsive gels. Macromolecules 2009;42:1002-9. 
19. Werten MW, Wisselink WH, Jansen-van den Bosch TJ, de Bruin EC, de Wolf 
FA. Secreted production of a custom-designed, highly hydrophilic gelatin in 
Pichia pastoris. Protein Eng 2001;14:447-54. 
20. Schipperus R, Teeuwen RL, Werten MW, Eggink G, de Wolf FA. Secreted 
production of an elastin-like polypeptide by Pichia pastoris. Appl Microbiol 
Biotechnol 2009;85:293-301. 
21. Golinska MD, Włodarczyk-Biegun MK, Werten MWT, Stuart MAC, de Wolf 
FA, de Vries RJ. Dilute self-healing hydrogels of silk-collagen-like block 
copolypeptides at neutral pH. Biomacromolecules 2014, 10.1021/bm401682n. 
22. MW, Teles H, Moers AP, Wolbert EJ, Sprakel J, Eggink G, et al. Precision gels 
from collagen-inspired triblock copolymers. Biomacromolecules 2009;10:1106-
13. 
23. Werten MW, Moers AP, Vong T, Zuilhof H, van Hest JC, de Wolf FA. 
Biosynthesis of an amphiphilic silk-like polymer. Biomacromolecules 
2008;9:1705-11. 
24. Yan Y, Martens AA, Besseling NA, de Wolf FA, de Keizer A, Drechsler M, et 
al. Nanoribbons self-assembled from triblock peptide polymers and 
coordination polymers. Angew Chem Int Ed Engl 2008;47:4192-5. 
25. Brondyk WH. Selecting an appropriate method for expressing a recombinant 
protein. Method Enzymol 2009;463:131-47. 
26. Smith LA, Ma PX. Nano-fibrous scaffolds for tissue engineering. Colloid 
Surface B 2004;39:125-31. 
27. Proft T, Hilbert H, Layh-Schmitt G, Herrmann R. The proline-rich P65 protein 
of Mycoplasma pneumoniae is a component of the Triton X-100-insoluble 
fraction and exhibits size polymorphism in the strains M129 and FH. J 
Bacteriol 1995;177:3370-8. 
28. Butkowski RJ, De A. Preparation and composition of mouse tubular and 
glomerular basement membranes. Prep Biochem 1982;12:209-27. 
29. T, Satoh H, Yamada Y, Hashimoto T. A maize glycine-rich protein is 
synthesized in the lateral root cap and accumulates in the mucilage. Plant 
Physiol 1999;120:665-74. 
30. Krejchi MT, Atkins ED, Waddon AJ, Fournier MJ, Mason TL, Tirrell DA. 
Chemical sequence control of beta-sheet assembly in macromolecular crystals 
of periodic polypeptides. Science 1994;265:1427-32. 
Chapter 2 
53 
31. Lau MH, Tang J, Paulson AT. Texture profile and turbidity of gellan/gelatin 
mixed gels. Food Res Int 2000;33:665-71. 
32. Boyd LM, Carter AJ. Injectable biomaterials and vertebral endplate treatment 
for repair and regeneration of the intervertebral disc. Eur Spine J 2006;15 
Suppl 3:S414-21. 
33. Aho AJ, Tirri T, Kukkonen J, Strandberg N, Rich J, Seppala J, et al. Injectable 
bioactive glass/biodegradable polymer composite for bone and cartilage 
reconstruction: Concept and experimental outcome with thermoplastic 
composites of poly(epsilon-caprolactone-co-D,L-lactide) and bioactive glass 
S53P4. J Mater Sci Mater Med 2004;15:1165-73. 
34. Temenoff JS, Mikos AG. Injectable biodegradable materials for orthopedic 
tissue engineering. Biomaterials 2000;21:2405-12. 
35. Yao D, Dong S, Lu Q, Hu X, Kaplan DL, Zhang B, et al. Salt-leached silk 
scaffolds with tunable mechanical properties. Biomacromolecules 
2012;13:3723-9. 
36. Engler A, Bacakova L, Newman C, Hategan A, Griffin M, Discher D. Substrate 
compliance versus ligand density in cell on gel responses. Biophys J 
2004;86:617-28. 
37. Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness 
of their substrate. Science 2005;310:1139-43. 
38. Yang S, Leong KF, Du Z, Chua CK. The design of scaffolds for use in tissue 
engineering. Part I. Traditional factors. Tissue Eng 2001;7:679-89. 
39. Carletti E, Motta A, Migliaresi C. Scaffolds for tissue engineering and 3D cell 
culture. Methods Mol Biol 2011;695:17-39. 
40. Lv Q, Hu K, Feng Q, Cui F. Fibroin/collagen hybrid hydrogels with 
crosslinking method: Preparation, properties, and cytocompatibility. J Biomed 
Mater Res A 2008;84:198-207. 
41. Raviraj V, Fok S, Zhao J, Chien HY, Lyons JG, Thompson EW, et al. Regulation 
of ROCK1 via Notch1 during breast cancer cell migration into dense matrices. 
BMC Cell Biol 2012;13:12. 
42. Martens AA, van der Gucht J, Eggink G, de Wolf FA, Stuart MAC. Dilute gels 
with exceptional rigidity from self-assembling silk-collagen-like block 
copolymers. Soft Matter 2009;5:4191-7. 
43. Erk KA, Henderson KJ, Shull KR. Strain stiffening in synthetic and biopolymer 
networks. Biomacromolecules 2010;11:1358-63. 
44. Motte S, Kaufman LJ. Strain stiffening in collagen I networks. Biopolymers 
2013;99:35-46. 
45. Skrzeszewska PJ, Sprakel J, de Wolf FA, Fokkink R, Stuart MAC, van der 
Gucht J. Fracture and self-healing in a well-defined self-assembled polymer 
network. Macromolecules 2010;43:3542-8. 
46. Helary C, Bataille I, Abed A, Illoul C, Anglo A, Louedec L, et al. Concentrated 
collagen hydrogels as dermal substitutes. Biomaterials 2010;31:481-90. 
Genetically engineered silk–inspired protein for biomedical applications 
54 
47. Noth U, Rackwitz L, Heymer A, Weber M, Baumann B, Steinert A, et al. 
Chondrogenic differentiation of human mesenchymal stem cells in collagen 
type I hydrogels. J Biomed Mater Res A 2007;83:626-35. 
48. Orimo H. The mechanism of mineralization and the role of alkaline 
phosphatase in health and disease. J Nippon Med Sch 2010;77:4-12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
55 
Appendix 
C2SH48C2 protein 
YVEFGLGAGA PGEPGNPGSP GNQGQPGNKG SPGNPGQPGN EGQPGQPGQN GQPGEPGSNG 
PQGSQGNPGK NGQPGSPGSQ  GSPGNQGSPG  QPGNPGQPGE  QGKPGNQGPA  GEPGNPGSPG 
NQGQPGNKGS PGNPGQPGNE GQPGQPGQNG  QPGEPGSNGP  QGSQGNPGKN  GQPGSPGSQG 
SPGNQGSPGQ PGNPGQPGEQ  GKPGNQGPAG  EGAGAGAGHG  AGAGAGHGAG  AGAGHGAGAG 
AGHGAGAGAG  HGAGAGAGHG  AGAGAGHGAG  AGAGHGAGAG  AGHGAGAGAG HGAGAGAGHG 
AGAGAGHGAG  AGAGHGAGAG  AGHGAGAGAG  HGAGAGAGHG  AGAGAGHGAG  AGAGHGAGAG 
AGHGAGAGAG  HGAGAGAGHG  AGAGAGHGAG  AGAGHGAGAG  AGHGAGAGAG  HGAGAGAGHG 
AGAGAGHGAG  AGAGHGAGAG  AGHGAGAGAG  HGAGAGAGHG  AGAGAGHGAG  AGAGHGAGAG 
AGHGAGAGAG  HGAGAGAGHG  AGAGAGHGAG  AGAGHGAGAG  AGHGAGAGAG  HGAGAGAGHG 
AGAGAGHGAG  AGAGHGAGAG  AGHGAGAGAG  HGAGAGAGHG  AGAGAGHGAG  AGAGHGAGAP 
GEPGNPGSPG  NQGQPGNKGS  PGNPGQPGNE  GQPGQPGQNG  QPGEPGSNGP  QGSQGNPGKN 
GQPGSPGSQG  SPGNQGSPGQ  PGNPGQPGEQ  GKPGNQGPAG  EPGNPGSPGN  QGQPGNKGSP 
GNPGQPGNEG  QPGQPGQNGQ  PGEPGSNGPQ  GSQGNPGKNG  QPGSPGSQGS  PGNQGSPGQP 
GNPGQPGEQG  KPGNQGPAGE  GA 
Figure 2.9. Amino acid sequence of the C2SH48C2 protein 24. 
 
Protein purity – MALDI results 
 
Figure 2.10. MALDI-TOF MS of purified C2SH48C2 protein. Peaks at mass 16528 (m/z), 13196 
(m/z) and 11016 (m/z) correspond to ionization states [M+4H]4+, [M+5H]5+ and [M+6H]6+, 
respectively. 
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Cell culture scaffolds 
 
Figure 2.11. SilCo-2 (left) and SilCo-5 (right) gels after completed gelation at pH 7.4. 
 
Calculation of erosion 
To estimate the amount of protein eroded between consecutive time points, 
a back-calculation was applied. From the amount of protein detected at any time 
point, 20 % (w/v) of protein concentration detected at the previous time point was 
subtracted. Such back calculation was necessary because 20 % (v/v) medium was 
not refreshed and thus contained eroded protein that was already detected before.  
 
Thus: 
Tn = tn – 0.2tn-1 
Then the total amount of protein eroded after tn is: 
Tn* = 0.8t1 + 0.8t2 + … + tn 
Where: 
Tn – corrected amount of protein eroded between time point n and n-1 [mg] 
Tn* – amount of protein eroded after time point n [mg] 
t1 – amount of protein detected in whole sample at time point 1 [mg] 
t2 – amount of protein detected in whole sample at time point 2 [mg] 
tn – amount of protein detected in whole sample at time point n [mg] 
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Cell viability and proliferation 
Data analysis with matched ANOVA revealed that the amount of DNA 
produced in time was significantly affected by the type of scaffold, F(8,24) = 2.748, 
p < 0.05, however the difference in the amount of DNA produced in time was 
significant only for the case of collagen and SilCo-5. There was no statistical 
difference between both types of C2SH48C2 gels. 
 
 
Figure 2.12. DNA content at different time points of cell culture on SilCo-2, SilCo-5 and 
collagen gels. * p < 0.05 relative to collagen samples.  
 
 Cell differentiation  
For matched ANOVA, performed to analyze differences in cell differentiation 
on the samples during time, Mauchly’s test indicated violation of the assumption 
of sphericity, χ2(9) = 44.441, p < 0.05. Therefore multivariate tests are reported 
(ε = 0.329). The results show that the time-dependent development of the ALP 
activity differed for different scaffold materials, V = 1.695, F(8,8) = 5.55, p < 0.05. 
Multiple comparisons show statistical differences (p < 0.001) between collagen and 
both SilCo-2 and SilCo-5 gels. 
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Figure 2.13. ALP activity at different time points of cell culture on SilCo-2, SilCo-5 and 
collagen gels. * p < 0.05 relative to collagen samples. 
 
Calcium contents were calculated as the difference between the amounts of 
calcium detected in scaffolds with and without cells. For matched ANOVA, 
performed to analyze differences in calcium content between materials during the 
full duration of the experiment, Mauchly’s test indicated violation of the 
assumption of sphericity, χ2(9) = 29.425, p < 0.01. Therefore multivariate tests are 
reported (ε = 0.315). The results show that the time-dependent development of the 
calcium content differed for different scaffold materials, V = 1.563, F(8,8) = 3.58, 
p < 0.05. Multiple comparisons show statistical differences (p < 0.001) between 
collagen and both SilCo-2 and SilCo-5 gels, which could be expected because of the 
observed negative values of the calcium content in cell cultures on collagen 
scaffolds. 
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Figure 2.14 Calcium content at different time points of cell culture in osteogenic medium 
using SilCo-2, SilCo-5 and collagen gels as scaffolds. * p < 0.05 relative to collagen samples. 
 
          
 
Figure 2.15. Calcium content at different time points of cell culture in osteogenic medium 
using SilCo-2, SilCo-5 and collagen gels as scaffolds. * p < 0.05 relative to collagen samples.  
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Figure 2.16. FTIR spectra of collagen (A), SilCo-2 (B) and SilCo-5 (C) samples with (w) and 
without (w/o) cells after 3 and 21 days. The sharp bands around 1040, 600 and 570 cm-1 
characteristic for apatite are marked with asterisks. 
 
 
 
 
 
 
 
  
Chapter 3 
Hydrogels from recombinant silk-inspired 
proteins with integrin- and proteoglycan-
binding domains 
 
 
To achieve control over cell response, regenerative medicine could benefit from 
biomaterials with a tunable content of different biofunctional groups. Genetic 
engineering allows the production of protein-based polymers containing any desired 
number of functional domains, at any desired position within the polymer chain. In 
this chapter, we describe the design, production, and testing of functionalized 
variants of a silk-inspired protein previously developed by our group. These variants 
feature N-terminal extensions containing either integrin-binding (RGD) or 
proteoglycan-binding (KRSR) cell-adhesive motifs. The polymers were efficiently 
produced as secreted proteins using the yeast Pichia pastoris, and were essentially 
monodisperse. By mixing the three proteins in different ratios, self-assembled 
scaffolds with the same protein concentration but varying content of the functional 
domains were readily obtained. The scaffolds were used for the culture of MG-63 
osteoblastic cells. RGD domains had a slightly stronger effect on adhesion, activity, 
and spreading than KRSR domains. Scaffolds featuring both functional domains 
revealed a clear synergistic effect on cell metabolic activity and spreading, as well as 
the highest final degree of cell confluency. The mixed scaffolds presented in this 
chapter allow to tailor cell response independently of the material’s mechanical 
properties. 
 
 
 
 
 
 
Submitted as: Włodarczyk-Biegun MK, Werten MWT, Posadowska U, Storm IM, de Wolf 
FA, van den Beucken JJJP, Leeuwenburgh SCG, Cohen Stuart MA, Kamperman M. 
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3.1 Introduction 
In natural tissues, cells are surrounded by the extracellular matrix (ECM), 
which ensures mechanical support and signaling necessary for regulation of cell 
metabolism and functions such as migration, proliferation, differentiation and 
apoptosis 1-4. The ECM can be seen as a complex hydrogel containing multiple 
functionalities and bioactive groups at different length scales 5, which 
synergistically influence cell response. Mimicry of the properties and structure of 
the ECM remains a key objective in biomaterial design 1,3,6,7. 
Nowadays, a huge variety exists in natural and synthetic materials used as 
scaffolds in tissue engineering. Naturally harvested materials, often ECM-derived, 
are usually non-toxic and provide important cues on cell–matrix interaction. They 
also have disadvantages: they may transmit disease agents (e.g., viruses, prions or 
allergens), show often large batch-to-batch variability, provide little material 
tunability and control of properties, and their yield can be limited. Chemically 
synthesized polymers offer significant control over material structure and 
properties, but are generally polydisperse and may carry a risk of toxicity caused 
by unreacted compounds, such as cross-linkers or active agents used during 
synthesis or post-synthesis modification 1.  
In the last few decades, genetic engineering has opened up the possibility to 
produce polymer-like proteins such as collagen, silk, and elastin, as well as de novo 
designed sequences 8-10. These so-called protein-based polymers offer exquisite 
control over the chemistry because amino acid sequence and molecular weight are 
directly defined by the genetic design. Moreover, the introduction of desired active 
sites into the material is possible without additional chemical modification 1,9. 
Aside from possible biological complications during production, protein-based 
polymers are in principle monodisperse, which is nearly impossible to achieve 
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using conventional chemistry. Furthermore, owing to their biomimicry, protein-
based polymers generally offer high biocompatibility. 
Protein-based polymers are often produced as block copolymers, where 
different functional blocks or active domains can be linked in any desired order. 
This modular approach offers a convenient possibility to mimic biochemical 
properties of the natural ECM. For example, the artificial protein design could be 
based on natural proteins present in the ECM, and the sequence could be grafted 
with a variety of functional domains such as cell – matrix interaction, cell – cell 
adhesion, cross-linking or degradation-sensitive domains 1,11. 
In the design of biomaterial scaffolds as matrices for anchor-dependent cells, 
such as osteoblasts, recognition sites for cell adhesion and spreading are crucial. 
Attachment to a material is a key factor for cell survival, and also determines 
further cell behavior such as proliferation or differentiation. Subsequent spreading 
allows the development of proper phenotype and cell function 12. The most 
commonly used peptide to improve cell adhesion is the Arg-Gly-Asp (RGD) motif 
derived from ECM proteins such as bone sialoproteins, vitronectin and 
fibronectin 13. RGD-mediated adhesion is based on the interaction with multiple 
integrins and promotes adhesion of different cell types. Osteoblasts also attach 
through another mechanism, less explored in the literature 14,15, which involves the 
interaction between heparan sulfate proteoglycans on the cell membrane and 
heparin-binding sites in the ECM. Based on sequences found in bone adhesive 
proteins, Cardin and Weintraub 14 proposed that the amino acid sequence basic-
basic-nonbasic-basic, in terms of protonation, binds heparan sulfate. One such 
sequence, Lys-Arg-Ser-Arg (KRSR), has been successfully used in several studies to 
selectively improve adhesion of osteoblasts 15-18. 
To possibly create conditions more similar to the environment of the 
multifunctional native ECM, a few groups incorporated both RGD and KRSR 
adhesive motifs into a scaffold, and studied the effect on osteoblast attachment, 
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proliferation, and differentiation 16,19-24. In this study, we incorporated RGD and 
KRSR motifs into the genetically engineered pH-responsive silk-inspired protein 
C2SH48C2 developed by our group 25,26. At physiological pH, this protein forms 
stable, non-toxic, physical fibrillar gels, which previously appeared to be 
a promising scaffold for cell culture 27. We show in this chapter that tailoring of this 
material by inclusion of RGD and KRSR motifs in different ratios allows to control 
cell adhesion, activity, spreading, and formation of a confluent layer. 
 
3.2 Materials and methods 
3.2.1 Construction of recombinant strains 
The production strain for triblock copolymer C2SH48C2 has been described by us 
previously 26. Two variants of the corresponding gene were designed; one 
encoding N-terminal RGD-motifs (BRGDC2SH48C2), and another encoding N-
terminal KRSR-motifs (BKRSRC2SH48C2). These genes and corresponding strains 
were constructed as follows. 
A double-stranded adapter BRGD (short for cell-Binding block with RGD motifs) 
with HindIII and BsaI overhangs was prepared by annealing of oligonucleotides:  
5’-AGCTTGAATTCGGTAGAGGAGATTCTCCTGGTGGATCCGGTGGAGGTTCTGGAGGTGGATCT 
GGTGGAAGAGGTGACTCACCAGGTCTCG-3’ and 5’-GCACCGAGACCTGGTGAGTCACCTCTTCC 
ACCAGATCCACCTCCAGAACCTCCACCGGATCCACCAGGAGAATCTCCTCTACCGAATTCA-3’. 
This adapter encodes two GRGDSP motifs separated by a (GGSG)3 flexible spacer. 
Likewise a double-stranded adapter BKRSR (short for cell-Binding block with KRSR 
motifs) encoding three repeats of the sequence PKRSRGGG was prepared by 
annealing of oligonucleotides: 
5’-AGCTTGAATTCGGTCCAAAGAGATCTAGAGGAGGTGGACCTAAACGTTCCAGAGGTGGAGG 
TCCAAAGAGGTCTAGAGGAGGTGGTCTCG-3’ and 5’-GCACCGAGACCACCTCCTCTAGACCTCT 
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TTGGACCTCCACCTCTGGAACGTTTAGGTCCACCTCCTCTAGATCTCTTTGGACCGAATTCA-3’. 
These adapters were inserted into the HindIII/BsaI sites of vector pMTL23-
C2SH48C2 26, resulting in vectors pMTL23-BRGDC2SH48C2 and pMTL23-BKRSRC2SH48C2, 
respectively. These were then digested with EcoRI/NotI, and the released inserts 
were cloned into the EcoRI/NotI sites of Pichia pastoris expression vector pPIC9 
(Invitrogen). The vectors pPIC9-BRGDC2SH48C2 and pPIC9-BKRSRC2SH48C2 thus 
obtained were linearized with SalI and used to transform P. pastoris GS115 by 
electroporation as described previously 28. 
3.2.2 Fermentation and protein purification 
Methanol fed-batch fermentations of the BRGDC2SH48C2 and BKRSRC2SH48C2 
strains at 30 °C and pH 3 were performed in 2.5-L Bioflo 3000 bioreactors (New 
Brunswick Scientific) as described previously for C2SH48C2 27. At the end of 
fermentation, the cells were separated from the broth by centrifugation for 
10 minutes at 10,000 × g (RT) in an SLA-3000 rotor (Sorvall), and the supernatant 
was microfiltered. 
Proteins were purified from the supernatant as previously described for 
C2SH48C2 27, with the exception that the acetone precipitation step was omitted. 
Shortly, proteins were selectively precipitated twice at 45 % ammonium sulfate 
saturation and subsequently dialyzed, filter sterilized (0.2 µm), and lyophilized. 
3.2.3 SDS-PAGE, N-terminal protein sequencing, amino acid analysis and 
carbohydrate determination 
The NuPAGE Novex system (Invitrogen) was used for SDS-PAGE, with 10 % 
Bis-Tris gels, MES SDS running buffer, and SeeBlue Plus2 prestained molecular 
mass markers. Gels were stained with Coomassie SimplyBlue SafeStain 
(Invitrogen). 
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Purified proteins in solution were N-terminally sequenced via Edman 
degradation by Midwest Analytical (St. Louis, MO). Amino acid composition 
analysis after acid hydrolysis was performed by Ansynth Service B.V. (Roosendaal, 
The Netherlands). Protein purity was estimated by linear least-squares fitting to 
the obtained amino acid composition of (1) the theoretical composition of the 
respective pure protein and (2) the composition determined for host-derived 
proteins present in the medium. 
Because polysaccharides are the major non-protein contaminant in the 
extracellular medium of P. pastoris cultures, the carbohydrate content in the 
purified protein was determined using a phenol–sulfuric acid assay as previously 
described 27. Proteins contained less than 2 % (w/w) of polysaccharides. 
3.2.4 Mass spectrometry 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry was 
performed using an ultrafleXtreme mass spectrometer (Bruker). Samples were 
prepared by the dried droplet method on a 600 µm AnchorChip target (Bruker), 
using 5 mg/ml 2,5-dihydroxyacetophenone, 1.5 mg/ml diammonium hydrogen 
citrate, 25 % (v/v) ethanol and 1 % (v/v) trifluoroacetic acid as a matrix. Spectra 
were derived from ten 500-shot (1,000 Hz) acquisitions taken at non-overlapping 
locations across the sample. Measurements were made in the positive linear mode, 
with ion source 1, 25.0 kV; ion source 2, 23.3 kV; lens, 6.5 kV; pulsed ion extraction, 
680 ns. Protein Calibration Standard II (Bruker) was used for external calibration. 
3.2.5 Atomic force microscopy 
Protein samples of pure (A) C2SH48C2, (B) BRGDC2SH48C2, (C) BKRSRC2SH48C2 and 
proteins mixed in a 1:1 ratio (D) C2SH48C2 / BRGDC2SH48C2, (E) C2SH48C2 / 
BKRSRC2SH48C, (F) BKRSRC2SH48C / BRGDC2SH48C2 were dissolved in 10 mM HCl (final 
pH 2 to 3). The concentration and pH were then adjusted by the addition of 0.1M 
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NaOH and Milli-Q to obtain protein solutions between 0.05 % and 0.1 % (w/v) at 
pH 7.4. After 24 h of incubation at room temperature, solutions were pipetted onto 
silica wafers and left for 20 minutes to allow fiber deposition. Wafers were 
subsequently rinsed with Milli-Q to remove salts. The samples were dried by 
removing the bulk of the solution with a tissue and/or by using a mild stream of 
nitrogen. The dry samples were analyzed with a Nanoscope V (Veeco), in Scan 
Asyst mode, using a non-conductive silicon nitride probe (NP-10, Bruker) with 
a spring constant of 0.32 N/m. Images were recorded at a frequency of 0.997 Hz 
and processed with NanoScope Analysis 1.20 software (Veeco). 
3.2.6 Rheology 
Solutions of the purified proteins (A) C2SH48C2, (B) BRGDC2SH48C2, and (C) 
BKRSRC2SH48C2 were prepared in 10 mM HCl and vortexed for 1.5 h using a multi-
tube holder. Subsequently, 0.1 M NaOH and phosphate buffered saline (PBS, pH 
7.4, Sigma-Aldrich) were added to increase the pH up to 7.4 ± 0.2 and to reach 2 % 
(w/v) protein concentration. Solutions were loaded immediately into the rheometer 
(Physica MCR 501 Rheometer, Anton Paar) with a Couette CC10/T200 geometry 
(bob diameter 10.002 mm, cup diameter 10.845 mm). Each sample was placed in 
the measuring cell on top of 500 µL of perfluorinated fluid (Galden® HT-70, Solvay 
Specialty Polymers) to decrease the sample volume, and covered with paraffin oil 
to avoid evaporation. Gel formation was analyzed by recording storage moduli 
over time under sinusoidal deformation (frequency (f) = 1 Hz and strain (γ) = 1 %). 
After 15 h, gels were broken (f = 1 Hz and logarithmically increasing deformation 
γ = 0.1 to 100 %). Self-healing behavior was then monitored by recording storage 
moduli under sinusoidal deformation as before. All measurements were 
performed at 37 °C. 
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3.2.7 Preparation of scaffolds for cell culture 
Freeze-dried proteins were separately dissolved at 4 % (w/v) in 10 mM HCl for 
at least 2 h by vortexing with a multi-tube holder. Solutions were then mixed to 
obtain 1 ml samples of the required protein compositions. Finally, 0.1 M NaOH 
was added to adjust the protein concentration to 2 % (w/v). The protein solutions 
were immediately transferred to 48-well cell culture plates (250 µl per well) and 
left for 2 h at room temperature to allow setting of the gels. The gels were further 
incubated in 0.5 ml of PBS for 3 h and then in cell culture medium (α-MEM, 22571, 
Life Technologies) with 10 % (v/v) fetal bovine serum (FBS) for 15 h (with one 
medium change after 12 h) to ensure a pH value of 7.4 throughout the gels. 
3.2.8 Cell pre-culture 
Cryo-preserved MG-63 cells (ATCC® CRL-1427™; LGC Standards GmbH), 
passage 90, were cultured for 6 days in proliferation medium (ALFA MEM 22571, 
Sigma-Aldrich), supplemented with 10 % (v/v) FBS, at 37 °C, 95 % relative 
humidity and 5 % CO2. Prior to seeding, cells were washed twice with PBS, 
enzymatically detached for 5 minutes with trypsin-EDTA (0.25 % (w/v) trypsin, 
0.02 % (w/v) EDTA), and resuspended at 36,000 cells/ml in osteogenic medium. 
The medium was composed of α-MEM supplemented with 10 % (v/v) FBS, 
100 U/ml penicillin and 10 µg/ml streptomycin (Life Technologies), 50 mg/l 
ascorbic acid (Sigma-Aldrich), 10 nM dexamethasone (Sigma-Aldrich), 10 mM      
β-glycerophosphate disodium salt hydrate (Sigma-Aldrich). Next, 500 µl of cell 
suspension was added per well (final seeding density: 20,000 cells/cm2). Scaffolds 
incubated in osteogenic medium without cells were included as controls. All 
samples were prepared in triplicate (n = 3). The entire study was run for 23 days in 
an incubator at 37 °C, 95 % relative humidity and 5 % CO2. The culture medium 
was refreshed twice a week for all samples. 
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3.2.9 Cell adhesion 
Cell adhesion was analyzed 4 h after cell seeding. The medium was removed 
from a dedicated set of wells to take out non-adherent cells. Gel surfaces were 
imaged by randomly taking light microscopy pictures (n = 3 per sample) using an 
inverted phase-contrast microscope (Leica DMIL). Pictures were taken close to the 
center of the gels to ensure that the imaged area was relatively flat. The number of 
cells on the area of 2048 μm x 1536 μm was counted in manual mode using ImageJ 
1.49o software. Cell adhesion was calculated as the number of cells per mm2. 
3.2.10 Cell metabolic activity 
To assess cell metabolic activity, an alamarBlue® (Invitrogen) assay was 
performed on a dedicated set of wells on days 1, 3, 10, and 23, following the 
protocol of the manufacturer. Shortly, the cell culture medium in the wells was 
exchanged for fresh medium containing 10 % (v/v) of alamarBlue® reagent, 
followed by incubation at 37 ºC for color development. In view of high cell activity 
on day 23, an incubation time of only 1.5 h was used for these samples, whereas for 
the earlier days 4 h was used. The medium containing the reagent was 
subsequently removed for measuring fluorescence (ex 560 nm, em 590 nm; FLx800 
reader, Bio-Tek Instruments), and all values were normalized to activity per hour. 
To compare cell activity on different scaffolds, the average fluorescence of the 
medium was calculated (n = 3). 
3.2.11 Cell viability and spreading 
To study cell viability, and to visualize changes over time in cell distribution 
and morphology (spreading), a LIVE/DEAD Viability/Cytotoxicity Kit (L3224, Life 
Technologies) was used on days 1 and 3, and only the calcein-AM compound from 
the kit on days 10, and 23. Fluorescent staining of F-actin and nuclei was 
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performed on samples from days 1, 3, and 23 for further confirmation of cell 
distribution and spreading. 
For the LIVE/DEAD assay, three samples of each gel type (n = 3) were washed 
twice with PBS and afterwards incubated in 0.5 ml of PBS with 2 mM calcein-AM 
and, optionally, 4 mM ethidium homodimer, in the dark, for 30 minutes at 37 °C. 
Next, scaffolds were washed twice with PBS and cells were visualized using 
a fluorescence microscope (Axio Imager Microscope Z1; Carl Zeiss Micro Imaging 
GmbH). Overlay images were prepared, with dead cells appearing in red (ex 517 
nm, em 617 nm) and live cells in green (ex 488 nm, em 517 nm).  
Samples for fluorescent staining of F-actin and nuclei were prepared as 
follows. First, the cell culture medium was removed from the cell culture well-
plate. Subsequently, the scaffolds in the wells were washed gently with PBS, fixed 
for 1.5 – 4 h with 0.7 ml per well of 3.3 % PFA (paraformaldehyde) in PBS, and then 
kept in 70 % (v/v) ethanol until the day of imaging (for a maximum of 5 days). 
Prior to imaging the gels, ethanol was removed, scaffolds were washed twice in 
PBS, and cells were permeabilized for 20 – 30 minutes with 0.8 ml per well of 1 % 
Triton X-100 in PBS containing 1 % FBS. Scaffolds were then incubated for 2 h with 
Alexa Fluor® 568 conjugated phalloidin (Life Technologies) for F-actin staining 
and with DAPI (Life Technologies) for visualization of nuclei. Both reagents were 
diluted in PBS containing 1 % FBS (1:200 and 1:2500, respectively), and 0.5 ml of 
this mixture was added per well. After washing in PBS for 10 min, scaffolds were 
examined using an Axio Imager Microscope Z1 (Carl Zeiss Micro Imaging GmbH). 
3.2.12 Statistical analysis 
Statistical analysis was performed using SPSS Statistics software. Statistical 
differences were estimated using one-way Analysis of Variance (ANOVA) 
followed by an LSD post-hoc test. Differences were considered significant at 
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p < 0.05, if not stated differently. Results were reported as the mean ± standard 
deviation. 
 
3.3 Results  
3.3.1 Polymer design 
We previously reported the molecular design of the fiber-forming protein 
C2SH48C2 25,26. It features an SH48 (silk-inspired) middle block consisting of 48 repeats 
of the octapeptide GAGAGAGH. Whereas at low pH the proteins are soluble 
owing to repulsion by the positively charged histidines, at neutral pH the charges 
are neutralized and the silk domains form β-rolls or β-sheets 29,30. These, in turn, 
form the fiber core through stacking, mediated by hydrophobic interactions. The 
SH48 block is flanked on both sides by hydrophilic C2 (random coil) blocks, each 
consisting of two 99 amino acid-long unfolded domains in tandem, which form 
a corona surrounding the core and provide colloidal stability (Figure 3.1A).  
 
 
Figure 3.1. Tentative structure of silk-inspired fibrils at neutral pH. (A) unmodified 
C2SH48C2; (B) functionalized variants. Representation based on the model proposed for the 
related polymer C2SE48C2 29. Modified and reprinted with permission from 29. Copyright 2009 
American Chemical Society. 
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In this study, we designed two functionalized variants of C2SH48C2 with          
N-terminal cell-binding extensions (B domains, for short). One variant, 
BRGDC2SH48C2, contains integrin-binding RGD motifs 31, and the other, 
BKRSRC2SH48C2 contains proteoglycan-binding KRSR motifs 15 (Figure 3.1B). In the 
design, the following considerations were taken into account: (1) To potentially 
increase cell interaction, the design should preferably feature several copies of 
these motifs. (2) The length of the extensions should be limited, so as to minimize 
possible effects on the well-characterized fiber-forming properties of the C2SH48C2 
core component. (3) The repeated cell-binding motifs should be separated by 
suitable flexible linkers to allow sufficient conformational freedom. 
In BRGDC2SH48C2, a flexible Gly/Ser-rich sequence was chosen to separate the 
RGD motifs because this type of spacer is widely used as a constituent of 
engineered proteins produced in various hosts including P. pastoris 32,33. A spacer 
length of 12 residues in the form of three GGSG repeats was used. Two RGD motifs 
were incorporated, where the specific motif used was GRGDSP from fibronectin 31. 
The N-terminal extension relative to C2SH48C2 thus became: 
GRGDSPGGSGGGSGGGSGGRGDSP. This sequence is N-terminally preceded by 
the cloning-derived sequence YVEF, as is the case in C2SH48C2 29. 
In the design of BKRSRC2SH48C2, poly-glycine stretches were used as spacers 
between the KRSR motifs, in view of a study that reports osteoblast adhesion onto 
glass surfaces with C-terminally immobilized KRSR, KRSRG3, or KRSRG6 
peptides 15. However, since the authors found similar adhesion efficiency for all 
peptides tested, spacer length does not appear to be critical. Rather, because a 
tetravalent poly-lysine peptide core with four attached KRSR peptides performed 
significantly better, the authors suggest peptide density may be more important. 
We therefore incorporated three KRSRG3 motifs, while maintaining the same 
length of the N-terminal extension (24 residues) as used in BRGDC2SH48C2. Another 
critical design consideration was to prevent proteolysis of Lys-Arg in the KRSR 
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motifs by the P. pastoris homolog of Kex2 protease. This serine endoprotease was 
first identified in S. cerevisiae as the protease required for maturation of the α-
mating factor pheromone, via cleavage at the C-terminal side of Lys-Arg 34. As we 
have shown previously 28,35, P. pastoris Kex2 can also digest particular mono-arginyl 
sites, as governed to a large extent by the residues at positions – 2 to – 4 relative to 
the scissile bond. Under the assumption that P. pastoris and S. cerevisiae Kex2 have 
similar substrate specificity, the extent of putative cleavage at the C-terminal side 
of the KRSR sequences is likely low, in view of the moderately unfavorable Ser at 
position – 2 relative to the scissile bond 36. As for potential digestion of the 
canonical Lys-Arg motif in KRSR, we reasoned it might be possible to minimize 
this by placing highly unfavorable residues at position – 4, and to a lesser extent at 
position – 3. We thus arrived at the following sequence design for the N-terminal 
BKRSR extension: GPKRSRGGGPKRSRGGGPKRSRGG (again N-terminally 
preceded by the cloning-derived sequence YVEF, and C-terminally followed by the 
C2SH48C2 sequence starting with Gly). For all three Lys-Arg motifs in this sequence, 
position – 4 relative to the scissile bond is occupied by Gly, and position – 3 by Pro. 
Both amino acids rank as highly unfavorable in these positions, at least for S. 
cerevisiae Kex2, according to Table 1 of the study by Suzuki et al. 37.  
3.3.2 Protein synthesis and characterization 
The polymers were produced as secreted proteins in methanol fed-batch 
bioreactor cultures of P. pastoris, and purified as previously described 27. Based on 
the determined amino acid composition, the purity of BRGDC2SH48C2 was estimated 
at 99.8 %, and that of BKRSRC2SH48C2 at 99.3 %. The gravimetrically determined 
yields of the purified, desalted, and lyophilized material, expressed per volume of 
cell-free fermentation broth, were 3.2 g/l for BRGDC2SH48C2 and 3.5 g/l for 
BKRSRC2SH48C2. 
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Figure 3.2. SDS–PAGE of purified proteins. Lane 1: C2SH48C2; lane 2: BRGDC2SH48C2; lane 3: 
BKRSRC2SH48C2; lane M: molecular weight marker. For all samples ~ 5 μg of protein was 
loaded. 
 
The proteins were analyzed by SDS-PAGE (Figure 3.2). The main bands of 
BRGDC2SH48C2 and BKRSRC2SH48C2 in SDS-PAGE migrated at an apparent molecular 
weight of ~ 105 kDa, even though the expected masses are ~ 68 kDa. As described 
previously for C2SH48C2 26,27, this discrepancy is due to the high content of 
hydrophilic and small amino acids in this protein. The faint upper band and low 
mass smear visible in all proteins are probably SDS-PAGE artifacts, as has 
previously been shown for C2SH48C2 27. N-terminal sequencing of BRGDC2SH48C2 
showed the expected YVEFGRGD sequence without any secondary reactions, 
confirming that the protein was N-terminally intact. Likewise, N-terminal 
sequencing of BKRSRC2SH48C2 revealed mainly the expected YVEFGPKRSR 
sequence, which shows that most of the N-terminal BKRSR extension was                
N-terminally intact. However, besides spurious background signals, a minor 
secondary species, most likely corresponding to SRGG, was also observed in this 
sample. This sequence may have resulted from a limited extent of Kex2 cleavage at 
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the C-terminal side of the dibasic GPKR sequences. The molecular mass of the 
proteins was verified by MALDI-TOF (Figure 3.3). For both BRGDC2SH48C2 and 
BKRSRC2SH48C2, the observed masses of the main peaks (67,932 and 68,412 Da, 
respectively) correspond, within experimental error, to the calculated masses of the 
intact proteins (68,061 and 68,535 Da, respectively). The MALDI spectra 
furthermore show that BRGDC2SH48C2 was fully monodisperse, and BKRSRC2SH48C2 
nearly so. The slight shoulder to the left of the main peak in the spectrum of 
BKRSRC2SH48C2 (indicated by an arrow in Figure 3.3) contains three peaks whose 
masses correspond to that of the protein after N-terminal truncation following 
either the first, second, or third GPKR motif. This result is in agreement with the 
minor SRGG species observed in N-terminal sequencing. Additionally, three minor 
peaks are present, with masses that could correspond to N-terminal truncation 
following either the first, second, or third KRSR motif. Apparently, Kex2 cleavage 
occurred at the C-terminal side of the dibasic GPKR and monobasic KRSR motifs, 
but only at a very low level. The shoulder to the right side of the main peak of both 
proteins (Figure 3.3) corresponds to Glu-Ala extended species in a small portion of 
the molecules, as observed previously for C2SH48C2 27, and results from incomplete 
processing of the α-mating factor propeptide 28. 
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Figure 3.3. MALDI of purified BRGDC2SH48C2 and BKRSRC2SH48C2. Molecular ions are 
indicated. The arrow points to a minor shoulder discussed in the text. 
 
 
3.3.3 Material characterization 
AFM and rheology were performed to compare the fiber formation and 
mechanical properties of BRGDC2SH48C2 and BKRSRC2SH48C2 with those previously 
established for C2SH48C2 26,27. 
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Figure 3.4. AFM of 0.1 % (w/v) protein solutions after 24 h of incubation at pH ~ 7.4 and 
room temperature. Single proteins: (A) C2SH48C2, (B) BRGDC2SH48C2, (C) BKRSRC2SH48C2. 
Proteins mixed in a 1:1 ratio: (D) C2SH48C2 / BRGDC2SH48C2, (E) C2SH48C2 / BKRSRC2SH48C2, (F) 
BRGDC2SH48C2 / BKRSRC2SH48C2. 
 
For AFM (Figure 3.4), dilute solutions in 10 mM HCl were prepared for all 
three proteins, as well as of the following mixtures in a 1:1 ratio: C2SH48C2 / 
BRGDC2SH48C2, C2SH48C2 / BKRSRC2SH48C2, and BRGDC2SH48C2 / BKRSRC2SH48C2. The 
mixtures were included in view of the cell culture study, where scaffolds 
containing mixed proteins were used. After raising the pH to a physiological level 
of 7.4 and 24 h of incubation, all samples showed self-assembled fibers in AFM 
with a length in the micrometer range, as described previously for C2SH48C2 26,27. 
Interestingly, the BKRSRC2SH48C2 protein by itself, but not when mixed with other 
proteins, revealed a tendency to bundle or at least align in parallel. A possible 
explanation could be weak binding of the positively charged KRSR domains in the 
corona-forming C2 blocks of one fiber to the negatively charged Glu residues in the 
C2 blocks of another fiber, under low salt conditions. Indeed, when the fibers were 
assembled in physiological buffer (PBS), no fiber alignment was observed (see 
Chapter 5). 
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A rheological study (Figure 3.5) revealed that gel formation is relatively 
unaffected by the addition of functional domains to C2SH48C2. After adjusting the 
pH to a physiological level of 7.4, 2 % (w/v) solutions of C2SH48C2, BRGDC2SH48C2, 
and BKRSRC2SH48C2 all developed storage moduli in the range of 500 – 1500 Pa. The 
observed differences in the final storage modulus and in the kinetics of gel 
formation can be attributed to batch-to-batch variations. Also, minor differences in 
pH adjustment could play a role, in view of the known influence of pH on the 
storage modulus of C2SH48C2 26. All proteins achieved a storage modulus above 
200 Pa already after 1 – 2 h, and reached a plateau after 5 h. As has been shown for 
C2SH48C2 26, also BRGDC2SH48C2 and BKRSRC2SH48C2 retained the ability to quickly 
recover after breaking, reaching storage moduli of 58 – 83 % of the initial values. 
 
 
Figure 3.5. Rheometry of 2 % gels of C2SH48C2, BRGDC2SH48C2 and BKRSRC2SH48C2. 
Development of storage moduli as a function of time during gel formation, and recovery 
after strain-induced breakage of the gel at t ~ 15 h. 
 
3.3.4 Cell culture 
Scaffolds for the cell culture studies were obtained by preparing 2 % (w/v) gels 
with six different protein compositions, as listed in Table 3.1. This design allowed 
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to determine the influence of the incorporated functional domains on cell behavior. 
By mixing BRGDC2SH48C2 and BKRSRC2SH48C2, hybrid scaffolds are obtained that 
possess both RGD and KRSR motifs. By mixing C2SH48C2 with either BRGDC2SH48C2 
or BKRSRC2SH48C2, a reduced content of these cell-adhesive domains is obtained. 
The density of functional domains at the surface of the scaffolds was estimated 
as follows. Based on an average protein concentration of 2 % (w/v) in the gel, and 
based on the previously estimated protein density in the fibers 38, it can be 
calculated that in a hypothetical C2SH48C2 gel with cubic fiber arrangement, the 
mesh width is 121 nm (void ~ 85 nm, average fiber diameter ~ 36 nm), and the 
number of molecules per square mesh is 222. Since each BRGDC2SH48C2 molecule 
carries two RGD motifs, this would imply an average surface density of 
approximately 444 RGD motifs per square mesh. This gives an RGD surface 
density of ~ 5 pmol/cm2 for the gel containing 100 % BRGDC2SH48C2. For gels 
containing 50 % BRGDC2SH48C2, the surface density of RGD motifs would be half of 
this value. Because the KRSR motif is present three times per BKRSRC2SH48C2 
molecule, the tentative KRSR density is 3/2 times higher than the RGD density. 
From a different perspective, the same densities for both motifs can be calculated 
from the overall C2SH48C2 concentration by assuming a cell-accessible surface layer 
thickness of ~ 85 nm. 
 
Table 3.1. Protein composition of cell culture scaffolds.  
Scaffold Composition ( % w/w) 
 C2SH48C2 BRGDC2SH48C2 BKRSRC2SH48C2 
0R/0K 100 % - - 
50R 50 % 50 % - 
100R - 100 % - 
50K 50 % - 50 % 
100K - - 100 % 
50R/50K - 50 % 50 % 
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For cell culture studies, MG-63 osteoblastic cells were used. The influence of 
the active domains on the early cell response was studied by evaluating cell 
adhesion (Figure 3.6). As compared to the unmodified 0R/0K gel, the number of 
adherent cells was significantly higher on the functionalized gels, except for 50K. 
The simultaneous presence of both RGD and KRSR did not have a synergistic 
effect on cell adhesion. 
 
 
Figure 3.6. Number of cells adherent to the scaffold per mm2 after 4 h of incubation. 
* p < 0.05, compared to 0R/0K; ** p = 0.07, compared to 0R/0K; *** p < 0.05, compared to 50K; 
(n = 3). 
 
The largest variation in the number of adherent cells was found in unmodified 
0R/0K. Apparently, the distribution of cells on the surface of the scaffold was not 
uniform, which suggests that scaffolds containing only C2SH48C2 are not 
particularly favorable for cell adhesion. In contrast, the smallest variation was 
found for the 100R scaffold, which indicates a consistent positive effect from the 
RGD domains. 
The effect of addition of RGD and KRSR domains on cell metabolic activity, as 
a measure of viability and possible proliferation, was tested with the alamarBlue® 
Chapter 3 
81 
assay (Figure 3.7). In this assay, the oxidized reagent resazurin is added to the 
culture medium, which after entering the cells is reduced to resorufin by 
mitochondrial enzymes of viable cells. This reduction can be observed as a change 
in color 39.  
Already after one day of cell culture, significant differences in cell activity were 
observed. Cells on the 50R, 100R, and 50R/50K scaffolds (i.e., scaffolds containing 
RGD domains) were metabolically more active in comparison with unmodified 
material. On day 23, and when comparing with 50K also on day 10, RGD domains 
alone showed significantly more impact on cell activity than KRSR domains alone 
(p < 0.05). A synergistic effect of the scaffold modified with both functionalities 
(KRSR and RGD) became apparent from day 1 onward. 
 
 
Figure 3.7. Cell metabolic activity as determined by the alamarBlue® assay. * significantly 
higher compared to 0R/0K; # significantly higher compared to 50R; ## significantly higher 
compared to 100R; ^ significantly higher compared to 50K; ^^ significantly higher compared 
to 100K; (n = 3, p < 0.05). 
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On days 1, 3, 10, and 23, cell activity on 50R/50K was significantly higher 
(p < 0.05) than on the 0R/0K, 50K and 100K scaffolds. On days 3, 10, and 23, 
50R/50K showed higher cell activity than 50R, and on day 3 also higher than 100R. 
With significantly higher metabolic activity of cells on 50R/50K compared to 
multiple other scaffolds at each time point, there is a clear tendency for superior 
metabolic responses to the combination of both functionalities in a single material. 
Cell survival was assessed after 1 and 3 days with a LIVE/DEAD assay. As 
visible in Figure 3.8, for all scaffold types, only a few individual cells were 
identified as dead (red-stained nuclei), and the rest remained alive (green cells). 
For C2SH48C2, this result is in agreement with previous findings for scaffolds 
prepared from that protein 27. As expected, modification with RGD and/or KRSR 
motifs did not negatively affect the cytocompatibility of the gels. 
The LIVE/DEAD images (Figure 3.8) also revealed changes over time in terms 
of cell morphology and cell distribution. Already on day 1, cells seeded on the 
scaffolds containing RGD motifs (50R, 100R, 50R/50K) started to show a more 
stretched morphology. On day 3, some cells with elongated shape were observed 
also on the gels exclusively containing KRSR domains (50K, 100K), although to 
a lesser extent than on scaffolds containing RGD. On day 3, the scaffold containing 
both RGD and KRSR motifs (50R/50K) yielded the highest degree of confluency 
and thus seemed most profitable for the cells. As of day 10, these samples showed 
a fully confluent layer. Also the 100K scaffold highly favored cell spreading and 
formation of a confluent layer on days 10 and 23. Interestingly, 50K scaffolds 
instead led to the formation of clusters, and did not show cell spreading until day 
23. A similar overall trend as apparent in Figure 3.8 was observed with fluorescent 
phalloidin/DAPI staining for the visualization of actin filaments and nuclei (see 
Appendix, Figure 3.9). 
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Figure 3.8. Cell survival, morphology, and distribution as monitored by the LIVE/DEAD 
assay. Viable cells show green fluorescence, whereas dead cells appear red (tested on days 1 
and 3 only). Scale bar = 200 μm. 
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3.4 Discussion 
In previous work, we have shown that the C2SH48C2 protein-based polymer can 
form self-assembling, non-cytotoxic fibrillar gels with potential application for cell 
growth 27. To further improve cell behavior on our material, we created in this 
study two variants of the protein with a genetic design that includes either 
integrin-binding RGD motifs, or proteoglycan-binding KRSR motifs.  
The polymers were efficiently produced as secreted proteins in P. pastoris at up 
to 3.5 g/l of cell-free broth. The BRGDC2SH48C2 polymer produced was completely 
monodisperse. Also BKRSRC2SH48C2 was found to be nearly intact, apart from 
a very minor level of proteolytic cleavage C-terminal of Lys-Arg, and probably also 
C-terminal of Ser-Arg, in the KRSR motif. As described in Results, proteolytic 
processing of these motifs in the N-terminal random-coil C2 block by the 
endogenous Kex2 protease of P. pastoris had been anticipated. The fact that this 
protease is responsible for processing at Lys-Arg of the α-mating factor prepro 
peptide, typically used to drive high-level secretion of heterologous proteins in this 
host, only attests to the enzyme’s processivity and/or abundance. In our sequence 
design, we therefore attempted to particularly minimize cleavage to the C-terminal 
side of the canonical Lys-Arg motif in KRSR by placing expectedly unfavorable 
residues at position – 4 and – 3, relative to the scissile bond. Because only 
a negligible level of degradation was observed, this approach was apparently 
remarkably effective. To our knowledge, this represents the first reported case 
where Kex2 cleavage of a dibasic Lys-Arg motif in a recombinant protein was 
largely prevented by the careful design of the preceding sequence context. 
By mixing C2SH48C2, BRGDC2SH48C2, and BKRSRC2SH48C2 in a chosen ratio (Table 
3.1), tailored scaffolds for cell culture were obtained with different concentrations 
of the functional groups, independent of the total polymer concentration, and thus, 
in principle independent of properties such as nominal pore size and storage 
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modulus. The storage moduli of gels prepared from either of the functionalized 
proteins were indeed in the same range as that of C2SH48C2, also in accordance with 
the observation that all three proteins showed similar fiber-forming properties in 
AFM. Apparently, the functional domains have little or no effect on the behavior of 
the proteins. BRGDC2SH48C2 and BKRSRC2SH48C2 gels also retained the self-healing 
characteristics of unmodified C2SH48C2 27, which may be a useful property for 
potential biomedical use, allowing recovery if inadvertently broken during in situ 
application. Our approach of tuning the content of biofunctional domains by 
mixing different polymers is similar to that of Straley and Heilshorn 11, who 
fabricated chemically cross-linked neural regeneration scaffolds consisting of 
mixed elastin-like proteins with either RGD motifs, non-functional RDG motifs, or 
proteolytic sites. In our case of self-assembling fibers, each typically consisting of 
thousands of polymer molecules, it seems almost certain that hybrid fibers would 
be formed in mixtures of BRGDC2SH48C2 and BKRSRC2SH48C2. Each hybrid fiber would 
then contain both RGD and KRSR motifs, resulting in a more homogeneous 
distribution throughout the gel. Note that the approach of mixing different 
polymers allows, in principle, to also vary the distribution of functional groups 
over the scaffold. 
As the present study investigates the effect of both RGD motifs and osteoblast-
specific KRSR motifs 15, MG-63 cells were used as an example of an osteoblastic cell 
line. A clear response of these cells in terms of adhesion, metabolic activity, and 
spreading to varying concentrations of the functional domains was observed. We 
previously observed that proliferation and mineralization of primary rat bone 
marrow stem cells (MSCs) were relatively low on the unmodified scaffold in 
comparison with a collagen control, and anticipated that cell response may 
improve upon functionalization with cell-adhesive motifs 27. Indeed, cell adhesion, 
activity, and spreading studied in this work were all enhanced on the scaffolds 
containing either of the functional domains (KRSR or RGD). 
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RGD domains had a slightly more pronounced influence than KRSR on cell 
adhesion, metabolic activity, and spreading. Similar observations have been 
reported in other studies 19,23,40. Bell et al. 23 conducted research using MG-63 cells 
and observed that KRSR had a positive effect on cell numbers only in combination 
with RGD domains and at a concentration more than 10 times higher than the 
concentration of accompanying RGD domains. Based on an observed stronger 
effect of RGD than of KRSR, Rezania et al. 40 suggested that the principle binding 
domain is RGD, and that heparin-binding sites are secondary. The opposite effect, 
a more pronounced influence of KRSR domains than of RGD on cell adhesion, has 
been reported as well 15,17. These conflicting results are likely due to differences in 
scaffold properties, including base material, material topography, concentration 
and spacing of the cell-adhesive domains 19, and in experimental conditions such as 
the maturation state of the cell lineage used 23. 
A clear synergistic effect on cell metabolic activity and spreading was apparent 
on day 3 when RGD and KRSR domains were simultaneously present in the 
scaffolds. Incorporating both integrin-binding and heparin-binding domains may 
create conditions more similar to the environment of the multifunctional native 
ECM and may thus be more profitable for the cells. Couchman and Woods 
suggested that integrins and proteoglycans strongly cooperate during regulation of 
cell adhesion and spreading 41. However, it should be noted that, while some 
studies show increased cell adhesion and spreading on scaffolds modified with 
both functional domains 15,19-21, others do not show significant differences 16,22,24. 
Again, the results likely depend on the type of scaffold material used, experimental 
conditions, and also differ between in vitro and in vivo studies. 
Interestingly, although cell activity and spreading in our study clearly 
benefited from the combination of functional domains, no synergistic effect was 
seen for adhesion. Other researchers noted similar discrepancies. For example, 
Rezania et al. 40 showed a lack of synergistic effect of another heparin-binding 
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domain (FHRRIKA) on primary adhesion measured after 4 h and spreading after 
30 min, but did find such an effect on spreading at later time points. This suggests 
that early cell adhesion is regulated in a different manner than spreading. Possibly, 
proteoglycan-binding motifs influence the cell response only after initial adhesion 
and particularly play a role in mediating cell spreading 24. 
Similarly, cell adhesion, activity, and spreading in our study did not appear to 
have a simple causal relation to the degree of confluency. As mentioned above, 
RGD had a slightly more pronounced influence than KRSR on cell adhesion, 
activity, and spreading. However, the highest degree of confluency on days 10 and 
23 was seen on scaffolds 100K and 50R/50K.  
The concentration of the functional domains obviously highly influenced the 
outcome of our cell culture studies. Indeed, the spatial distribution and 
concentration of active sites is generally considered an important parameter in 
scaffold design for influencing cell/material interactions 19,21-23. Moreover, with 
multiple domain types, spatial cross-correlation also becomes an interesting 
variable. The hypothetical surface densities of the RGD and KRSR motifs used in 
the present work were in the pmol/cm2 range. However, we do not claim that these 
values reflect the true density of domains accessible to the cells at the surface. The 
bioactive domains were placed at the end of the N-terminal random coil chain and 
might be partially hidden inside the fiber corona. Additionally, the repetitions of 
the domains at the end of the chain (two RGD motifs or three KRSR motifs) are 
relatively close together, increasing the chance of being on the surface together or 
being inside the corona together (see Figure 3.1B). What is more, the distribution of 
molecules and fibers in the gel may not be homogeneous. A future precise study of 
the arrangement and density of the domains on the gel surface would provide 
insight for further optimization of the molecular design. For now, we can conclude 
that cell behavior on our silk-inspired materials is favorably influenced by 
incorporation of different active domains at predefined positions within each 
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polymer, and at a tunable average concentration by mixing molecules with and 
without these motifs. 
 
3.5 Conclusions 
We described the design and production of functionalized variants of the 
genetically engineered silk-inspired polymer C2SH48C2, and evaluated cell 
performance on self-assembled hydrogels formed by these proteins. 
Functionalization involved incorporation of either integrin-binding (RGD) or 
heparin-binding (KRSR) sequences. Both proteins, efficiently secreted by Pichia 
pastoris at g/L levels, were essentially monodisperse, and formed self-supporting 
gels at physiological pH. Control over the concentration of the functional groups in 
the gels was readily achieved by mixing the proteins in various ratios. 
Functionalization positively influenced attachment, metabolic activity, and 
spreading of osteoblastic cells, where the effect of RGD motifs was slightly more 
pronounced than that of KRSR motifs. However, the degree of confluency at later 
time points was highest on scaffolds containing only KRSR motifs, or containing 
both KRSR and RGD motifs. The combined results of our cell culture study suggest 
that the scaffold containing both bioactive domains was most profitable. In 
conclusion, we demonstrated the possibility of controlling cell behavior by precise 
tailoring of our silk-inspired material.  
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 Appendix 
Figure 3.9. Cell morphology of fluorescently stained MG-63 cells on 0R/0K, 50R, 100R, 50K, 
100K, and 50R/50K scaffolds after 1, 3, and 23 days of cell culture. Red: actin. Blue: nuclei. 
Scale bar = 100 μm. 
  
Chapter 4 
Independent tuning of stiffness and 
functional motif density of a silk-like 
hydrogel for cell encapsulation 
 
 
Since most cells in vivo are embedded in a 3-dimensional (3D) extracellular matrix 
(ECM), traditional 2D cell culture does not accurately resemble the environment in 
living tissues. This has led to the recent development of 3D cell culture systems and 
substantial interest in ECM-mimicking hydrogels, with precise and mutually 
independent control over material properties. In this chapter, we propose a 3D silk-
inspired protein-based polymer system in which we studied cell viability and 
proliferation. The design and recombinant production in Pichia pastoris of this 
material, and its modification with integrin-binding (RGD) motifs, were previously 
developed by us. Hydrogel scaffolds with a precisely controlled density of adhesive 
motifs were obtained by mixing unmodified and modified variants of protein 
dissolved in acid, and subsequent self-assembly induced by a pH increase to 
physiological values. Rheological analysis revealed that the stiffness of the scaffolds 
can be tuned independently of the adhesive motif density, and that gels are able to 
self-heal rapidly, even after repeated breaking cycles. The gels were used for 
encapsulation of MG-63 osteoblastic cells. Lowering the stiffness of the hydrogel 
scaffolds containing RGD domains, by decreasing protein concentration, clearly 
improved cell spreading. An increased protein concentration had a hampering effect 
on the induction of cellular extensions, even when cell adhesion motifs were present 
in the gel, which was most probably due to reduced compliance of the gel matrix. 
Our systematic study, in which we show independent control over material 
properties, indicates the potential of this type of protein based-polymers for 
developing 3D cell culture scaffolds. 
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4.1 Introduction 
In natural tissues, most cells interact with native extracellular matrix (ECM) in 
a 3-dimensional (3D) environment 1,2. The ECM, a fibrous mesh of high complexity 
and hierarchy, ensures proper molecular structure, functional bioactivity, and 
mechanical support for cells 2. Mutual cell–ECM interactions form a dynamic 
regulatory system, directing the type of cell behavior 1 and thereby influencing 
tissue formation and regeneration 3. 
Current knowledge about cell–matrix interactions is mostly based on               
2-dimensional (2D) in vitro studies. However, 2D cell culture does not accurately 
represent the conditions in living tissues and affects several important aspects, 
such as cell adhesion and functionality, the biomechanics of the system and 
interactions of cells with dissolved agents 4. First, the planar geometry suppresses 
multi-directional sensing of cells and their response to biological and 
biomechanical factors 4,5. Second, typical 2D culture scaffolds provide a static 
mechanical environment with a stiffness along the surface exceeding that of ECM, 
and an absence of mechanical constraints along the z-axis 2,4,6. Third, material 
cleavage for cell extension (spreading) is not required 2,4. Fourth, cells have direct 
contact with the liquid medium, and therefore, exchange of nutrients, gases, 
bioactive molecules and waste is quick and direct, whereas in natural conditions 
diffusion-mediated gradients are present 4,7. Accordingly, several studies have 
shown differences between cellular responses in 2D and 3D 4,6,8,9. It has been 
suggested that 3D systems might bridge the gap between traditional 2D culture 
and animal models 10,11, and efforts to develop suitable platforms are increasing. 
Especially interesting for mimicking the 3D environment of native ECM are 
hydrogels. The high water content in hydrogels usually leads to high 
biocompatibility, tissue-resembling elasticity and high solubility and diffusion of 
biomolecules 1,2. Key factors for the suitability of hydrogels as 3D scaffolds are 
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biochemical signaling and biomechanical features, such as cell-adhesive motif 
density and matrix stiffness 1,6.  
Incorporation of cell adhesion motifs is a well-established modification of 
biomaterials, since cell adhesion and spreading are essential for survival and 
proper functioning of many cell types, in particular anchor-dependent cells such as 
osteocytes 3. The Arg-Gly-Asp (RGD) is one of the most commonly used adhesive 
motifs, derived from ECM proteins such as bone sialoproteins, vitronectin and 
fibronectin 12. It induces integrin-specific interactions and has been shown to 
promote adhesion of different cell types. Adhesive motif density and spatial 
distribution are important parameters in their design, since high peptide densities 
can enhance, but as well hinder, cell migration and proliferation 13. 
Matrix stiffness is a biomechanical factor which influences several aspects of 
cell behavior, such as adhesion, spreading, motility, and differentiation 1. It can be 
controlled by changing the polymer concentration as well as the cross-linking 
density 2. Several studies revealed that more compliant materials enhance cell 
spreading inside 3D scaffolds 1,5,10,14,15. Although the optimum scaffold stiffness 
depends on the cell type and should match the properties of the target tissue 2, it is 
worth to note that the microenvironment of most tissues, with the cells embedded 
in native ECM, is rather compliant 4. Low mechanical stiffness becomes even more 
important when the pore sizes of the scaffold are smaller than the size of the cells, 
because it may be crucial for cell extension 10 and migration 6. Most hydrogel 
materials, and also natural ECM, have pore sizes that are smaller than the cell 
dimensions. A biomimetic solution to allow cell migration and spreading, without 
changing the stiffness, is the incorporation of enzymatic degradation sites 3,6,14.  
Obtaining 3D cell culture matrices with precisely and independently 
controlled properties remains challenging 3. Although materials derived from 
natural sources ensure high biocompatibility and the presence of bioactive 
domains, batch to batch variations and risk of contamination with viruses are high, 
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and precise control over properties is not possible 2,16. Chemosynthetic materials 
offer much more control 2, however biocompatibility can be a limiting factor and 
precision is still restricted. An interesting alternative is provided by protein-based 
polymers. These are produced as recombinant proteins encoded by synthetic 
genes, which allows customization of the design by precise control over amino acid 
sequence and molecular weight. For the same reason, protein-based polymer 
materials are in principle monodisperse, in contrast to chemosynthetic polymer 
materials. Functionalization of scaffolds is possible through introduction of 
genetically encoded bioactive sites is possible without the need for chemical 
modification or mixing with synthetic materials 17. Up to now, only few 
attempts to obtain 3D protein-based polymer matrices for cell culture have been 
reported 1,5,18-21, and in two of these studies 1,5, the independent tuning of gel 
stiffness and adhesive-domain density were investigated. 
We previously developed a silk-inspired protein-based triblock copolymer, 
further denoted as C2SH48C2, that is soluble at low pH and self assembles into long 
nanofibers and fibrous hydrogels at physiological pH 22,23. It consists of a silk-like, 
histidine-containing (GAGAGAGH)48 middle block, denoted as SH48, flanked on 
both sides by hydrophilic end blocks denoted as C2. The SH48 block assumes β-roll 
conformation and drives fiber formation upon pH-triggered neutralization of the 
positive charges on the histidines 24,25. Each of the C2 blocks consists of two 
hydrophilic, 99 amino acid-long domains in tandem that form random coils 
regardless of pH and provide colloidal stability to the fibers. More recently, we 
developed a modified version, denoted as BRGDC2SH48C2, which contains two cell-
binding GRGDSP motifs separated by a flexible (GGSG)3 spacer 26. Both 
polymers are produced with high yield, up to 3.5 g/l of cell-free broth, as secreted 
proteins in P. pastoris 26,27. Biocompatibility of the C2SH48C2 protein 27, and the 
positive influence of BRGDC2SH48C2 on cell adhesion, activity, and spreading was 
shown previously in a 2D cell culture study. The cell-binding and mechanical 
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properties of the scaffolds were tailored by mixing C2SH48C2 and BRGDC2SH48C2 in 
various proportions, thereby controlling the concentration of the functional motif 
independently of the total protein concentration in the gel 26. In view of the 
growing need in biomaterials science to develop precisely tunable scaffolds for 3D 
in vitro studies 2, we presently investigate the suitability of our protein-based 
polymer system for cell encapsulation and 3D culturing. We show that it can be 
favorably used to control cell growth and morphology by independently tuning 
the gel stiffness and the adhesive motif density.  
 
4.2 Materials and methods 
4.2.1 Protein-based polymers 
The design and production of the genetically engineered protein-based 
polymers C2SH48C2 and BRGDC2SH48C2 was described previously by us 23,26,27.  
4.2.2 Protein sample preparation  
Throughout the study, samples with three different adhesive motif densities 
and three different total protein concentrations were used. For clarity every sample 
is assigned a code. Samples consisting of either (a) C2SH48C2, or (b) BRGDC2SH48C2, or 
(c) C2SH48C2 mixed with BRGDC2SH48C2 in a 1:1 weight ratio are denoted as (a) 0B (no 
binding domains), (b) 100B (100 % protein with binding domains), and (c) 50B (50 
% protein with binding domains and 50 % unmodified protein), respectively. The 
sample codes subsequently indicate the adhesive motif density and final protein 
concentrations of 1 %, 2 %, or 4 % (w/v). An overview of all samples and the 
assigned codes is given in Table 4.1.  
To prepare the samples, freeze-dried proteins were dissolved in 10 mM HCl 
(Merck), at a 2-fold protein concentration compared to that in the final sample, and 
vortexed with a multi-tube holder for 1.5 hours. For the 50B sample, C2SH48C2 and 
Silk-like hydrogel for cell encapsulation 
98 
BRGDC2SH48C2 were mixed after dissolving at low pH. Next, final protein 
concentrations and pH were adjusted with 0.1 M NaOH (Merck), 10 x concentrated 
phosphate buffered saline (PBS, pH 7.4, Lonza) and HEPES buffer (Fisher 
Scientific). Final solutions contained 1 x concentrated PBS and 25 mM HEPES. 
Additionally, 2 variants of the 50B 2 % were prepared as extra controls: (1) To 
estimate the influence of well-plate design on nutrient supply in cell cultures, 
a sample was cast directly to the bottom of a 96-well plate, instead of a cell culture 
insert in 24-well plates as performed usually (see section 4.2.5). The pH 
was adjusted as described above. This sample is further denoted as 50B 2 % WP 
(96-well plate). (2) To exclude possible effects of transient high buffer and salt 
concentration during sample preparation, a sample was prepared with the final 
protein concentration and pH adjusted by the addition of 0.1 M NaOH and 
1 x concentrated PBS (instead of 10 x concentrated), without the addition of 
HEPES. This sample is further denoted as 50B 2 % NB (no HEPES buffer).  
 
Table 4.1. Sample codes, relative adhesive motifs density, and total protein concentration.  
Protein sample 
code 
 Relative RGD density 
(percentage of functionalized protein) 
Protein final concentration (w/v) 
C2SH48C2 BRGDC2SH48C2  
0B 1 % 100 % 0 % 1 % 
0B 2 % 100 % 0 % 2 % 
0B 4 % 100 % 0 % 4 % 
50B 1 % 50 % 50 % 1 % 
50B 2 % 50 % 50 % 2 % 
50B 2 % WP* 50 % 50 % 2 % 
50B 2 % NB* 50 % 50 % 2 % 
50B 4 % 50 % 50 % 4 % 
100B 1 % 0 % 100 % 1 % 
100B 2 % 0 % 100 % 2 % 
100B 4 % 0 % 100 % 4 % 
*WP = well-plate, NB = no HEPES buffer 
4.2.3 Diffusion study 
Since pore size could be an important parameter for cell viability, migration, 
and spreading, diffusion of dextran molecules of various sizes was used to 
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estimate the pore size of the gels with different protein concentrations. Protein-
based polymers were dissolved in 10 mM HCl, whereupon the final pH and 
concentration were adjusted to obtain 0B 1 %, 0B 2 %, 0B 4 %, 100B 1 %, 100B 2 % 
and 100B 4 % solutions. Samples of 250 µl were immediately transferred to 1.5 ml 
glass vials, subsequently closed with a cap to avoid evaporation, and left at room 
temperature to allow gelation. After 48 hours, 500 µl solutions containing 
fluorescein isothiocyanate (FITC)-labelled dextrans of different average molecular 
weight (20, 70, 500 kDa, Sigma-Aldrich), was deposited on top of each gel. 
Dextrans were dissolved at 200 µg/ml in a mixture of PBS, HEPES (25 mM) and 
sodium azide (0.001 %(w/v)). All samples were prepared in triplicate (n = 3). After 
11 days of incubation, the concentration of dextran in the gels was determined by 
measuring the FITC fluorescence (excitation: 485 nm; emission: 535 nm) with 
a SpectraMax M2 Microplate Reader (Molecular Devices). To this end, gels were 
dissolved in 10 mM HCl prior to the measurements. The partition coefficient was 
defined as: 
Partition coefficient =
𝐶𝑔𝑒𝑙
𝐶𝑙𝑖𝑞𝑢𝑖𝑑
    (1)    
Cgel is the concentration of FTIC-dextran determined in the gel, after correction for 
amount of added HCl, and Cliquid is the remaining concentration of FTIC-dextran in 
the liquid layer on top of the gel.  
4.2.4 Rheological characterization of hydrogels 
0B, 50B, and 100B samples were tested at three different total protein 
concentrations (1 %, 2 % and 4 % (w/v)) at pH 7.4 ± 0.2 and 37 °C. To prepare the 
samples, freeze-dried protein was dissolved in acid, after which the final pH and 
protein concentration were adjusted as described above. Immediately after 
preparation, protein solutions were loaded into the rheometer (Physica MCR 501 
Rheometer, Anton Paar) with a Couette CC10/T200 geometry (bob diameter 
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10.002 mm, cup diameter 10.845 mm). Each protein solution was placed on top of 
500 µl of perfluorinated fluid (F-fluid) (Galden Perfluorinated fluid HT 70, Solvay 
Specialty Polymers) to decrease the sample volume. A solvent trap filled with 
tetradecane oil (Sigma-Aldrich) was used to avoid evaporation. Gel formation was 
followed by measuring changes in storage modulus as a function of time 
(sinusoidal deformation, frequency f = 1 Hz, strain γ = 1 %). After 15 hours, gels 
were broken by carrying out a strain sweep (f = 1 Hz and γ = 0.1 to 100 %, 
increasing at 10 % steps) and the self-healing behavior was monitored by 
measuring the storage moduli as a function of time under sinusoidal deformation 
as before (γ = 1 %). Additionally, after 15 hours of initial gelation, the 100B 2 % 
sample was broken (f = 1 Hz and γ = 0.01 to 1000 %, increasing in 10 % steps) 
repeatedly (5 times with 5.5 hour intervals), and the subsequent self-healing was 
again recorded. Strain sweep measurements without healing (f = 1 Hz and γ = 0.01 
to 1000 %, increasing in 10 % steps) were performed for 100B 1 %, 100B 2 % and 
100B 4 % samples.  
4.2.5 Cell encapsulation 
MG-63 cells (ATCC® CRL-1427™; LGC Standards GmbH) from frozen stocks, 
passage 36, were cultured for five days in proliferation medium (α-MEM 22571, 
Sigma-Aldrich) with 10 % (v/v) FBS (Life Technologies), at 37 °C, 95 % relative 
humidity and 5 % CO2. Prior to encapsulation, cells were washed twice with PBS, 
detached using trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA; 0.25 % 
(w/v) trypsin, 0.02 % (w/v) EDTA) for 5 min, and resuspended at 107 cells/ml in 
proliferation medium. 
To obtain 0B, 50B, and 100B samples at 1 %, 2 % and 4 % protein 
concentration, appropriate protein solutions were prepared in 10 mM HCl acid. 
Next, 250 µl of each solution (2 samples for each protein composition: 0B, 50B, 
100B) was transferred to plastic vials, and 10 x PBS, HEPES buffer and 0.1 M 
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NaOH were added to adjust the protein concentrations and pH. After a pre-
incubation period (duration specified in Table 4.2), during which the gels were 
allowed to reach a storage modulus of ~ 30 – 50 Pa, as determined by rheology on 
separate samples, 50 µl of cell suspension in proliferation medium was added 
(final cell density: 106 cell/ml) and mixed gently. The initial gel formation step that 
preceded the cell seeding was included to minimize cell sedimentation inside the 
scaffolds. The relative volumes of protein-, buffer-, salt- and cell-containing 
solutions used to prepare the various gel samples are shown in Table 4.3. After cell 
encapsulation, the protein solutions (50 µl aliquots) were immediately transferred 
to ThinCert™ Cell Culture Inserts for 24 well-plates (Item No.: 662641, Greiner Bio-
One). Osteogenic medium, i.e. α-MEM supplemented with 10 % (v/v) FBS, 
100 U/ml penicillin and 10 µg/ml streptomycin (Life Technologies), 50 mg/l 
ascorbic acid (Sigma-Aldrich), 10 nM dexamethasone (Sigma-Aldrich) and 10 mM 
β-glycerophosphate disodium salt hydrate (Sigma-Aldrich), was added into the 
space surrounding the inserts (1.2 ml/well) and scaffolds were incubated for 
30 minutes at 37 oC to allow setting of the gels. Afterwards, 200 µl of osteogenic 
medium was added on the top of each gel.  
 
Table 4.2. Duration of initial gel formation step needed to reach a storage modulus of ~ 30 –
 50 Pa. 
Total protein concentration 
in scaffold (w/v) 
Protein composition – concentration (w/v) 
 0B 50B 100B 
1 % 15 – 30 min 25 – 35 min 30 – 45 min 
2 % 4 – 8 min 8 – 15 min 10 – 17 min 
4 % immediately immediately immediately 
 
Table 4.3. Composition of cell culture scaffolds.  
Total protein 
concentration in 
scaffold (w/v) 
Protein in 
10 mM HCl 
[µl] 
10 x PBS [µl] 0.1M NaOH [µl] HEPES [µl] 
(molarity) 
Medium 
with cells 
[µl] 
1 % 250 50 50 100 (125 mM) 50 
2 % 250 50 75 75 (166.6 mM) 50 
4 % 250 50 137.5 12.5 (1M) 50 
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Additionally, two different types of cell-laden gels were prepared: (1) 50B 2 % 
NB and (2) 50B 2 % WP, prepared in well-plates instead of inserts. For the 50B 2 % 
WP sample, 192 µl of osteogenic medium was added on top of each gel after 
15 minutes of setting at 37 °C.  
As controls for the cell activity assay (see section 4.2.6), scaffolds without cells 
were incubated in osteogenic medium. All samples were prepared in triplicate 
(n = 3). The entire study was carried out for 7 days in an incubator at 37 °C, 95 % 
relative humidity and 5 % CO2. The culture medium, for all the samples, was 
refreshed twice a week. 
4.2.6 Cell activity 
Cell metabolic activity was measured with an alamarBlue® (Invitrogen) assay 
for all scaffold types on 1, 3, and 7 days after cell seeding. The cell culture medium 
was exchanged for fresh medium with 10 % (v/v) of alamarBlue® reagent and 
incubated for 2 – 4 h (4 h on day 1, 3.5 h on day 3, and 2 h on day 7) at 37 ºC. 
Afterwards, medium containing the reagent was removed to measure fluorescence 
(ex 560 nm, em 590 nm; FLx800 reader, Bio-Tek Instruments). For scaffolds 
prepared in the ThinCertsTM, only medium from inside the insert was used for 
analysis. To compare cell activity on different scaffolds, the average fluorescence of 
the medium was calculated (n = 3), and the average signal from the corresponding 
scaffolds without cells was subtracted. 
4.2.7 Confocal microscopy and quantitative cell measurements 
4.2.7.1 Confocal images 
Fluorescent staining of F-actin and nuclei was performed as follows: The cell 
culture medium was removed from the inserts and from the well-plates. Scaffolds 
were washed with PBS and fixed in 2 – 4 h by the addition of 0.3 ml of 3.3 % 
paraformaldehyde (PFA) in PBS on top of the gels (into the inserts or in the case of 
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50B 2 % WP scaffolds directly into the wells), and stored in 70 % (v/v) ethanol until 
imaging with a confocal microscope (Olympus FV1000 CLSM). Prior to imaging, 
the ethanol was removed, gels were washed twice in PBS, 300 µl permeabilization 
solution (1 % Triton X-100 in PBS containing 1 % FBS) was added on top of the 
scaffolds, and the samples were subsequently incubated for 20 – 30 min. The 
permeabilization solution was exchanged for 100 µl of staining solution, consisting 
of Alexa Fluor® 568 conjugated to phalloidin (Life Technologies) for F-actin 
staining and DAPI (Life Technologies) for visualization of nuclei. Reagents were 
diluted in PBS containing 1 % FBS, at 1:200 and 1:2500 ratios, respectively. After 1 –
 2 hours of staining, gels were washed in PBS for 10 min, removed from the inserts 
or well-plates, and placed on glass coverslips for visualization. 
For each sample (n = 3) of every gel type, three pictures were taken (in total 
n = 9), using an Olympus FV1000 CLSM with a 20 x water immersion objective, at 
random positions and varying depth of the focal plane, with the following 
exceptions: (1) Only two gels of 50B 1 % and 100B 2 % type were visualized on day 
1 and of 0B 1 % type on day 3; (2) owing to strong red background by the scaffold 
protein, only DAPI staining was visualized for all the 50B 2 % samples on day 1 
and for 1 sample of 50B 1 % on day 1. Based on the obtained pictures, cell number, 
cell distribution, roundness index, and RA/N ratio (stained F-actin area to stained 
nuclei area) were estimated. 
4.2.7.2 Confocal image processing  
Confocal images were subsequently processed with ImageJ 1.49o software. 
Every image was split into 2 channels (red for F-actin, blue for nuclei) and for each 
channel the background was automatically subtracted. Afterwards, each channel 
was converted to a black and white mask, based on an automatic threshold, and 
manually adjusted when the contrast of original picture between cells and 
background was too low. 
Silk-like hydrogel for cell encapsulation 
104 
Cell number and cell distribution 
To count the number of cells and to analyze the cell distribution, only the 
mask from the DAPI staining visualization was used, and a watershed filter was 
applied to separate the clustered nuclei. The ‘analyze particles’ function (settings: 
size of particles 40 – ∞, circularity 0.25 – 1.00) was used to count the number of 
nuclei and therefore the number of cells. The ‘distribution analysis’ function was 
used to assess the cell distribution in space. This function determines the measured 
(Ra) and theoretical (re) average nearest neighbor distance. Based on these values, 
the distribution index (R) was calculated 28: 
𝑅 =
𝑟𝐴
𝑟𝐸
       (2)    
The equation gives values below 1 for clustered distributions, 1 for a random 
distribution and above 1 for more uniform arrangements 28.  
Cell roundness 
To calculate the cell roundness index, the mask from F-actin staining was used 
with the ‘analyze particles’ function (settings: size of particles 40 – ∞, circularity 
0.0 – 1.0).  
In ImageJ 1.49o software, roundness is calculated according to the formula:  
𝑅𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 𝑖𝑛𝑑𝑒𝑥 =
4[Area]
π[𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠]2
  (3) 
The equation gives a maximal value of 1 for a perfect circle. A roundness index 
close to 1 indicates that a cell has few cellular extensions, whereas an index value 
closer to 0 corresponds to significant spreading of the cell.  
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RA/N ratio of stained F-actin area to stained nuclei area 
The RA/N ratio was calculated by dividing the total area of stained F-actin by 
the total area of stained nuclei on each image. Area values were obtained from two 
separate masks (F-actin and DAPI staining) by using the ‘analyze particles’ 
function, with settings described above. Since decrease in nuclear-to-cytoplasmic 
ratio is a generally accepted indicator of cell maturation 29, spreading or increase in 
cellular volume 30, and based on the fact that cell cytoskeleton consists mostly of 
actin and tubulin networks 31, we consider a higher value of RA/N, as indication of 
higher relative cytoskeleton area per cell, and consequently, more cellular 
extensions.  
4.2.8 Statistical analysis 
Results were reported as the mean ± standard deviation. Statistical analysis 
was performed using SPSS Statistics software. Statistical differences were reported 
based on one-way Analysis of Variance (ANOVA) followed by an LSD post-test for 
groups with homogeneity of variance, and by Games-Howell post-test for groups 
with heterogeneity of variance. Differences were regarded significant for p < 0.05.  
 
4.3 Results  
4.3.1 Porosity and adhesive motif density 
Throughout the study, gels with varying porosity, in terms of the size of voids 
between fibers, and varying adhesive motif densities, were used. Since both 
parameters are crucial for the cell’s ability to spread and move in 3D, we 
determined their values, theoretically and/or experimentally, for samples with 
different total protein concentrations (1 %, 2 %, 4 % (w/v)) and different RGD 
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domain contents (0B, 50B, 100B). The characteristics of the tested samples are 
presented in Table 4.1 (see section 4.2.2). 
 
 
Figure 4.1. Tentative structure of BRGDC2SH48C2 fibril at neutral pH (drawing not to scale). 
BRGD consists of 24 residues, and the entire protein sequence is 826 residues. Modified and 
reprinted with permission from Martens et al., 2009 24. Copyright 2009 American Chemical 
Society. 
 
Calculations of the size of the voids between fibers were performed assuming 
(1) a homogeneous fiber distribution throughout the gel, (2) a hypothetical cubic 
fiber arrangement in the gel, (3) an effective fiber thickness of Df ~ 32 nm based on 
a fiber cross-sectional surface of Af ~ 1018 nm2 (assuming a square fiber cross-
section, by way of simplification), and (4) a protein density in the fibers of 
~ 1.7 mmol/l 32. Based on these assumptions, the linear size of voids between two 
parallel fibers for a 1 %, 2 % and 4 % C2SH48C2 gel is estimated as ~ 143, ~ 87, and 
~ 48 nm, respectively, by solving Equation 4: 
(𝑙 + 𝐷𝑓)
3
− (3(𝑙 + 𝐷𝑓)𝐴𝑓 − 2𝐷𝑓
3)
𝜌
𝑐
= 0   (4) 
where: 
l – linear void size between two parallel fibers, 
Af – fiber cross-sectional surface, 
Df – effective fiber thickness, 
c – protein concentration, 
ρ – protein density in the fibers. 
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An approximate linear void size, neglecting the triple counting of fiber volume in 
the crossings, can be calculated according to Equation 5: 
𝑙 = √
3𝐷𝑓
2
𝑐
𝜌
− 𝐷𝑓        (5) 
Since each BRGDC2SH48C2 molecule (Figure 4.1) carries additionally only two 
GRGDSP motifs, separated by a (GGSG)3 flexible spacer26, the difference in the 
fiber dimensions and voids is negligible in comparison with gels made of 
unmodified C2SH48C2. Thus, for 0B, 50B and 100B gels with an equal total protein 
concentration, the size of the voids between the fibers is further assumed to be the 
same.  
In addition, an approximate size range of the voids in the gels was estimated 
experimentally for different protein concentrations. Based on a diffusion study, we 
calculated the partition coefficient, defined as the ratio of dextran particles detected 
in the gel to the particles detected in the liquid (Figure 4.2). The partition 
coefficient is close to 1 if the particle concentration is equal throughout the system 
(both in the gel and liquid), indicating a fully permeable material. A lower 
partition coefficient indicates a less permeable material. All tested gels (1 %, 2 % 
and 4 % (w/v)) were fully permeable for the smallest dextran particles 
(hydrodynamic radius of 3.25 nm). The largest particles (hydrodynamic radius of 
15.9 nm) were not able to fully penetrate the gels, where the penetration reduction 
was less for gels with lower protein concentrations. These results are in reasonable 
agreement with our theoretical calculations and previous experimental work 33, 
confirming that the voids between fibers are in the nanometer range, with 
a decreasing size for increasing protein concentration.  
Binding domain densities in the gels (50B and 100B) were calculated assuming 
a uniform distribution of RGDs, and noting that each BRGDC2SH48C2 molecule 
carries two RGD motifs. This implies for the 100B material an average bulk RGD 
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domain density of 294 nmol/cm3 for 1 % gels, twice this value for 2 % gels, and 
a four-fold higher value for 4 % gels. For 50B gels, the bulk density of RGD motifs 
is half the values calculated for 100B.  
 
 
Figure 4.2. Partition coefficient of FTIC-labelled dextran particles of different hydrodynamic 
radius in 0B gels of varying protein concentrations. 
 
4.3.2 Rheological characterization of hydrogels 
We characterized the rheological behavior of 1 %, 2 % and 4 % hydrogels at 
physiological pH, in the presence of PBS and HEPES buffers. For all samples tested 
gel formation was observed, storage modulus (G’) eventually dominated loss 
modulus (G’’). The final storage modulus G’ increased strongly with increasing 
protein concentration (~ 110Pa for 100B 1 %, ~ 750 Pa for 100B 2 %, ~ 4500 Pa for 
100B 4 %) (Figure 4.3A). An increase in matrix stiffness can be assigned to an 
increased number of cross-links for higher protein concentrations. Figure 4.3B 
shows that the RGD density did not significantly affect G’ of the formed gel. The 
observed minor variations in G’ between 0B, 50B, and 100B gels at 2 % and 4 % gels 
can possibly be attributed to batch-to-batch variations between protein 
fermentations as reported before 26. We concluded that G’ is tuned by the total 
protein concentration, whereas the RGD density is given by the ratio between non-
functionalized and functionalized protein monomers in the system. The final 
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storage moduli and functional domain densities of the gels can thus be tuned 
independently.  
 
 
Figure 4.3. Rheological properties of hydrogels with different ratios of C2SH48C2 and 
BRGDC2SH48C2, and different final protein concentrations. (A) Time sweep for 100B material 
at 1 %, 2 % and 4 % (w/v) of protein. (B) Final storage modulus dependency on protein 
concentration for gels with varying RGD domain density.  
 
We subsequently analyzed the large deformation and rupture characteristics 
of the gels. Figure 4.4 shows the storage modulus of 100B as a function of strain, at 
different protein concentrations. All 100B samples revealed a clear strain stiffening 
effect: gel rupture was preceded by an increase in storage modulus (Figure 4.4A). 
The same behavior was shown for the 0B material in previous studies 22, 24. The 
relative strain stiffening effect decreased (Figure 4.5B) at higher protein 
concentrations. The strain at which the gel fractured is lower for higher protein 
concentrations, irrespective of the presence of RGD domains (Figure 4.5C); the 
same trend was reported by Golinska et al. for material without 
functionalization 22.  
Finally, the ability of gels to self-heal after rupture was explored. The response 
of the gels to repeated breaking is shown in Figure 4.5A, illustrated by the example 
of a 100B 2 % sample. We find that the material has the ability to rapidly and 
repeatedly recover, to the same modulus after multiple rupture events. A typical 
recovery appeared to be much faster than the initial gel formation (compare Figure 
4.3A), which is consistent with results previously obtained by us and attributed to 
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fiber rearrangements. In contrast, initial gelation requires formation of new, 
slowly growing fibers 23. Irrespective of the RGD density, all the gels recovered to 
50 – 85 % of the initial G’ value after the first rapture event (Figure 4.5B and 
Figure 4.5C).  
 
 
Figure 4.4. Strain sweep characteristics of C2SH48C2 and BRGDC2SH48C2 gels. (A) Storage 
modulus as a function of strain (γ) at various protein concentrations. (B) Maximal increase 
of storage modulus (strain stiffening) before gel rupture, in comparison with G’(γ = 0.1), for 
different concentrations of 100B material. (C) Strain at which the gel ruptures (γ max) as 
a function of protein concentration for 0B and 100B material.  
 
We conclude that G’ after breakage and subsequent recovery, again is determined 
by the total protein concentration only, similarly as observed for the freshly 
prepared gels. The extent of recovery decreased with decreasing protein 
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concentration, except for the 100B 1 % sample. The higher extent of recovery for 
more concentrated gels can probably be attributed to the closer proximity of fibers 
and easier formation of new cross-links 23.  
Since it was shown before that higher ionic strength may decrease stiffness 
and speed of gelation of C2SH48C2 23, we tested the 50B 2 % NB sample, prepared 
without HEPES buffer and with a lower salt concentration (used in the cell culture 
study to analyze the possible influence of HEPES and ionic strength on cell 
behavior), and compared it with 50B 2 % (see Appendix, Figure 4.11). No 
significant difference in storage modulus or in the kinetics of gel formation was 
observed.  
 
 
Figure 4.5. Ability to recover after breakage of hydrogels with different ratios of C2SH48C2 
and BRGDC2SH48C2, and different final protein concentrations. (A) Time sweep for 100B 2 % 
material, with several breaking cycles: gel formation and recovery after strain-induced 
breakage repeated 5 times in ~ 5.5 hours intervals. (B) Storage modulus after breakage and 
subsequent recovery as a function of protein concentration for gels with varying RGD 
domain density. (C) Percentage of storage modulus recovery after breaking as a function of 
protein concentration for gels with varying RGD domain density. 
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4.3.3 Cell culture  
Cell culture scaffolds were prepared in ThinCert™ Cell Culture Inserts. The 
chosen insert type was one with a high pore density to ensure good accessibility of 
nutrients and oxygen from the surrounding medium. We encapsulated MG-63 
cells in the hydrogels (pH adjusted with HEPES addition) and analyzed the 
cellular response to different protein concentrations and functional motif densities, 
during the 7 days of culture. Different preparation methods were used for the 
control samples, which will be discussed at the end of this section.  
To estimate the viability and proliferation of encapsulated cells, the metabolic 
activity was tested with the alamarBlue® assay. Figure 4.6 shows that our material 
was able to support viable cells after 1, 3 and 7 days of cell culture. At day 1 
(Figure 4.6A), we observed a large variation in results for individual scaffold types, 
most likely indicating that the cells needed time to adapt and their activity could 
be disturbed. After 1 day of cell culture, the best conditions for cells were provided 
by the 100B 2 % material – consisting of a moderate protein concentration and the 
highest tested RGD density. After 7 days of cell culture (Figure 4.6C), cells with the 
highest metabolic activity were observed in 50B 2 % NB, 100B 1 % and 100B 2 % 
samples, indicating that a high adhesive motif density together with a low protein 
concentration is most profitable for cell viability.  
To further analyze cell spreading and cytoskeletal development, confocal 
pictures of nuclei (DAPI stain) and F-actin (phalloidin) were made on day 1, 3 and 
7, followed by quantitative analysis. In Figure 4.7 representative images are 
shown, to compare cell behavior in different scaffolds on day 3 and day 7. In the 
absence of RGD domains, no cell spreading was observed, regardless of the total 
protein concentration. In contrast, for cells encapsulated in RGD-containing gels 
(both 50B and 100B) some cellular extensions were visible already on day 3 and to 
a greater extent on day 7, but not for scaffolds with 4 % (w/v) protein 
concentration, in which cells remained round. The most spread morphology, with 
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the formation of an interconnected cellular meshwork, was adopted by the cells 
embedded in the functionalized, low-modulus 100B 1 % and 50B 1 % scaffolds. 
This indicates that gel stiffness can have an inhibitory effect.  
 
Figure 4.6. Cell metabolic activity as determined by the alamarBlue® assay: (A) on day 1, (B) 
on day 3, (C) on day 7. Significant differences between samples are marked with horizontal 
lines, p < 0.05. 
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Figure 4.7. Morphology of fluorescently stained MG-63 cells encapsulated in silk-inspired 
protein scaffolds, with different total protein concentration and RGD domain density, at 
day 3, and at day 7 of culturing. Red: actin; blue: nuclei. Picture size: 370 x 370 μm. 
 
The confocal pictures were processed to obtain quantitative data. Based on 
nuclear staining (DAPI) – the cell number and cell distribution were assessed; 
based on F-actin staining – cell roundness; and based on both stains – actin area to 
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nuclei area (RA/N) ratio. Importantly, Alexa Fluor® 568 conjugated to phalloidin 
appeared not to selectively stain F–actin, but it stained the protein in the scaffold, 
too. As a consequence, more background signal was visible in red for higher 
protein concentrations, which influenced the appearance of the mask computed 
from the F-actin staining channel, and therefore as well the outcome of the 
roundness and the RA/N calculations. Therefore, we focused the data analysis on 
relative changes as a function of time rather than on absolute values.  
Cell counting based on confocal images revealed a significant increase in cell 
number in time (proliferation) in 50B 2 % NB, 50B 1 % and in all the 0B scaffolds 
(Figure 4.8). Due to the larger variance in the total cell number in the gels 
containing RGD domains, no significant changes were found for the other 50B and 
100B scaffolds. On day 7, the highest cell number was detected for 50B 1 % and 
100B 1 %, and the lowest for the 100B 4 % scaffold, indicating a negative influence 
of higher protein concentration on cell growth.  
 
 
Figure 4.8. Quantitative determination of MG-63 cell number based on analysis of confocal 
images. Significant differences between different days of cell culture for the same scaffold 
type are marked with horizontal lines; ^ significant difference relative to 50B 2 % WP 
scaffold; * significant difference relative to 50B 1 %; ** significant difference relative to 100B 4 
%; p < 0.05. 
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Based on the cell distribution analysis (Figure 4.9), a tendency to form clusters 
over time was observed for scaffolds without RGD domains, and in scaffolds with 
the highest protein content. At the end of the cell culture experiment (day 7), cells 
were most evenly distributed in 50B 2 % WP, 50B 2 % NB, 50B 1 %, 50B 2 % and 
100B 1 %. Low protein concentrations and the presence of RGD appeared to be 
profitable not only for cell proliferation, but also for cell migration and proper 
functioning. Quantitative analysis of cell roundness (Figure 4.10), indicated that 
cell spreading was enhanced over time in most of the gels, with the strongest effect 
for 50B 1 % and 100B 1 % scaffolds. Additionally, the calculations of RA/N ratio (see 
Appendix, Figure 4.12) revealed that the most pronounced development of 
cytoskeletal structure in time appeared in 100B 1 % and 100B 2 % scaffolds. 
 
 
Figure 4.9. Determination of MG-63 cell distribution inside scaffolds, based on analysis of 
confocal pictures. Significant differences between different days of cell culture for the same 
scaffold type are marked with horizontal lines; ^ significant difference relative to 50B 2 % 
WP scaffold; * significant difference relative to 50B 1 %; ** significant difference relative to 
50B 2 %; # significant difference relative to 100B 1 %; ## significant difference relative to NB; 
p < 0.05. Values below 1 indicate clustered distributions, equal to 1 – a random distribution, 
and above 1 – more ordered patterns. Some of the significant effects on day 1 and day 7 
were skipped for better figure clarity.  
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Figure 4.10. Quantitative determination of MG-63 cell roundness, based on analysis of 
confocal images. Significant differences between different days of cell culture for the same 
scaffold type are marked with horizontal lines; ^ significant difference relative to 50B 2 % 
WP scaffold; * significant difference relative to 50B 1 %; ** significant difference relative to 
100B 1 %; # significant difference relative to 100B 4 %; p < 0.05. 
 
In addition, we included two control samples: 50B 2 % WP and 50B 2 % NB. 
Differences between 50B 2 % WP and 50B 2 % samples were not detected at any 
measured time point in cell activity (Figure 4.6). For 50B 2 %, more clustering than 
for 50B 2 % WP at day 7 (Figure 4.9), and small decrease in roundness was 
observed (Figure 4.10). In general, no strong effects were noticed, indicating that 
the accessibility of nutrients and oxygen is not a limiting factor in this study. The 
cell culture results for cells encapsulated in 50B 2 % NB as compared to 50B 2 % 
scaffolds did not reveal pronounced differences either. Only on day 1 of the 
culture, cells were significantly more clustered when encapsulated in 50B 2 %; 
however, this effect disappeared in time. In conclusion, there was generally no 
influence of the HEPES or PBS buffer on cell behavior at the concentrations used in 
the study. 
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4.4 Discussion  
Based on the growing need to develop 3D cell culture systems, which can 
mimic more accurately the environment of natural tissues and cell – matrix 
interactions, we tested genetically engineered silk-inspired material, designed in 
our group 22,23, for cell encapsulation. We showed in previous chapter that the 
C2SH48C2 protein-based polymer and its functionalized variants, enriched in cell-
adhesive motifs, can form fibrillar hydrogels supporting cell adhesion and growth 
in 2D 27. In this chapter, we evaluate the performance of the polymeric scaffolds 
with respect to cell adhesion and growth in 3D, by varying the RGD motif density 
and the total protein concentration, independently of each other.  
The cell metabolic activity test and the analysis of confocal images, both 
qualitative and quantitative, were consistent and clearly showed a positive effect of 
RGD motifs (at lower matrix stiffness) on cell viability, growth, and morphology. 
In general, cells encapsulated in 50B and 100B materials performed better than in 
0B. We conclude that for improved cell behavior, RGD functionality is a necessary, 
however, not sufficient requirement. The gel matrix also needs to exhibit the right 
mechanical properties (e.g. compliance) and/or architecture (e.g. porosity or 
presence of cleavage sites) for cells to grow and function properly.  
To estimate the influence of matrix rheological properties on the cellular 
response, we tested 1 %, 2 % and 4 % (w/v) gels. The storage moduli of the fully set 
gels were strongly affected by the total protein concentration, increasing by two 
orders of magnitude, while going from a concentration of 1 % to 4 %. For all tested 
samples, the ability of the network to self-heal was observed. According to the 
results of the cell culture study, cells were able to spread in the scaffolds with 
lower protein concentrations (i.e. 1 % and 2 %), but were hampered in the case of 
4 % protein concentration. This indicates that more concentrated gels, even in the 
presence of cell adhesion motifs, probably cause some sort of mechanical 
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obstruction 14, 34. In densely cross-linked or entangled gels, lacking degradation 
sensitive sites, it is most probably more difficult for cells to move fibers and deform 
the network or to break the higher number of physical cross-links. Other studies 
with different cell types, including osteoblastic lineage, revealed the ability of cells 
to spread in scaffolds lacking degradation sensitive sites when G’ was in the range 
of 500 Pa or lower, and their inability to spread when G’ was in the kPa range 5, 10, 15. 
Therefore we conclude that, next to the presence of RGD domains, gels have to be 
compliant to allow deformation of the matrix by moving or spreading cells. The 
relevant mechanical property here is probably the yield stress rather than the 
storage modulus, but these two are highly correlated. The exact molecular 
mechanism that determines the ability of cells to spread by changing the gel 
stiffness cannot be elucidated in this study. Nevertheless, the obtained results are 
in agreement with other reports that more compliant hydrogel scaffolds promote 
cell-spreading 14, especially in combination with the presence of RGD domains 1, 5, 10, 
15. Hence, essential requirements for proper spreading of encapsulated cells include 
a matrix design allowing for cell migration and growth (in our study ensured by 
gel compliance) as well as sufficient cell-adhesion sites. Both are needed for proper 
spreading of encapsulated cells 3.  
Another possibility of designing a matrix favorable for cells, would be the 
incorporation of degradation sensitive domains (e.g., MMPs sensitive sites) or 
introduction of large scale porosity. For all the gels presented in this study, the 
voids are far too small to allow unrestricted cell motion. The size of the voids, as 
estimated assuming a homogeneous network, and determined by an experimental 
diffusion study, is in the range of 30 – 150 nm and decreases with increasing 
protein concentration. Hence, the voids are always orders of magnitude smaller 
than the dimensions of a cell and as such, are not playing a role for cell spreading. 
Remarkably, our gels revealed multiple features mimicking the natural ECM: 
(1) The pore size is in the same range as the pore sizes of natural ECM (5 – 400 nm); 
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(2) Similarly, the fiber thickness (~ 32 nm diameter) resembles that of ECM fibrillar 
components (fibronectin: 2 – 3 nm diameter, collagen: 50 – 200nm) 2; (3) Also this 
non-linear rheological behavior resembles that of collagen I networks 31, and other 
biopolymer gels 34. Typically for natural networks, the degree of strain-stiffening 
and maximal deformation before breaking are higher when the protein 
concentration in the gel is lower, which is in agreement with our data; (4) The 
ability of the gels to largely recover after the first breakage in the rheometer, and to 
repeatedly recover to the same modulus after subsequent, multiple breaking 
cycles, has also been observed for collagen 35. The drop in storage modulus that 
occurs after the first breakage and recovery of the gel, can be assigned to 
irreversible damage of the fibers. The subsequent reproducible recovery indicates 
that, in addition to this irreversible damage, reversible reorganization of the fibers 
is taking place, most probably due to the presence of rather weak physical cross-
links between the fibers 23,33. It may suggest that the material can potentially 
respond to cell-induced stress (provided that it exceeds the local yield stress) 36, by 
breaking and subsequent reforming of the gel, while maintaining integrity over 
time. In natural ECM, the strain-stiffening, as well as the ability to self-heal, serves 
to keep the integrity of the network 31, 35. The stiffening mechanism, together with 
fiber rearrangements and changes in the matrix geometry, is also most probably 
a way of long-distance cell – cell communication, allowing sensing of neighboring 
cells through alterations in network contraction 37,38. Moreover, mechanical changes 
of the matrix can affect cell motility and proliferation, since many cell types move 
towards increased stiffness 39.  
We propose that our system could also serve as a model to study cell 
mechanics. In addition, the ability to quickly and repeatedly recover makes the 
material a very good candidate for injectable drug delivery or tissue regeneration 
systems 40, and can be advantageous for substrate handling, since in case of 
unintended fracture during in situ application, the network can be restored.  
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In this study, we encapsulated anchor-dependent MG-63 cells, for which 
spreading is an essential factor, enabling survival and proper functioning 3. The 
proposed hydrogel system can be further optimized for use as a scaffold material 
for specific applications by introducing other biological cues. For example, the 
enhancement of osteoblastic cell performance, especially spreading and motility, 
could be achieved by KRSR domains (adhesion sites, which are selective for 
osteoblastic cells). The effect of these domains on cell behavior in 3D cell culture, as 
well as the effect of incorporation of degradation-sensitive domains, such as matrix 
metalloproteases-sensitive sites, could be explored. 
 
4.5 Conclusions 
We described the preparation of self-assembled hydrogel scaffolds for 3D cell 
culture from the genetically engineered silk-inspired polymer C2SH48C2 and its 
RGD-functionalized variant BRGDC2SH48C2. The RGD motif density in the gels was 
precisely controlled by mixing these proteins in variable proportions. The pore size 
of the scaffolds was estimated to be in the range of that of natural ECM, thus much 
smaller than the cell dimensions. The final storage moduli of the gels were strongly 
affected by the total protein concentration, but not influenced by the RGD density, 
which allows independent tuning of matrix stiffness and functional motif density. 
Additionally, the gels showed the ability to quickly recover after breaking, and 
they exhibited strain stiffening, both effects resembling the behavior of collagen 
type I.  
Mild gelation conditions and spontaneous gelation at physiological pH 
without the need for an external cross-linker enabled straightforward MG-63 cell 
encapsulation by mixing of cells and protein at an early stage of gel formation. 
Regardless the total protein concentration, cells were able to maintain viability and 
activity inside the hydrogel scaffolds throughout the 7-day test. The effect of RGD 
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density and matrix stiffness on cell growth, functioning and morphology was 
pronounced – more compliant gels containing RGDs were most profitable for the 
cells, whereas high protein concentration restricted cell spreading. We showed that 
for improved cell behavior, RGD functionality is not the sole requirement; space 
for cells in the gel matrix and/or the ability of cells to deform the network are 
crucial. To the best of our knowledge, this is the first study on 3D cell culture 
scaffolds, prepared solely from genetically engineered protein-based materials, 
without the addition of external cross-linker.  
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Appendix 
 
Figure 4.11. Time sweep for 50B 2 % NB and 50B 2 % hydrogel: gel formation and recovery 
after strain-induced breakage of the gel at t ~ 15 h. 
 
 
 
Figure 4.12. Quantitative determination of MG-63 cell RA/N ratio of stained F-actin area to 
stained nuclei area, based on confocal pictures analysis. Significant differences between 
different days of cell culture for the same scaffold type are marked with horizontal lines; 
^ significant difference relative to 50B 2 % WP scaffold; p < 0.05.  
 
 
 
  
Chapter 5 
Heparin as a bundler and growth enhancer 
in a self-assembled network of 
functionalized protein 
 
Genetically engineered protein-based polymers are promising materials for diverse 
applications, including tissue engineering, due to the unique feature of precisely 
defined macromolecular structure and therefore well controlled properties. In this 
chapter, we report on a recombinant silk-inspired protein, enriched with KRSR 
heparin binding domains, which, upon increasing pH to physiological values, forms 
fibers, and at higher protein concentration fibrillar gels. We investigated if 
incorporation of KRSR domains allows tuning of the material properties by heparin 
addition. The interaction between the negatively charged heparin and the positively 
charged KRSR is expected to be primarily electrostatic. The effect of heparin on 
protein fiber growth, morphology of fibers and gels, and gel mechanical properties 
were studied. We found that under physiological salt conditions, heparin increases 
the rate of fiber growth, and induces fiber bundling. The first process is caused by 
accelerated recruitment of free monomers to the growing ends, and the latter by 
heparin chains bridging distinct fibers. The fiber bundling has an optimum when the 
positive charges of KRSR domain are roughly balanced by negative heparin charges, 
which leads to the highest number of cross-links. Upon hydrogel formation, the 
accelerated fiber growth causes a faster gelation rate and more pronounced bundling 
conditions result in increased final gel stiffness. Our study suggests that the 
presented method to control the properties of fibrillar gels by preparing a fibril 
former with specific binding domains (here KRSR) and mixing it with an appropriate 
amount of binder (here heparin) is quite general and may be extended to other 
systems. 
 
 
 
 
 
 
Submitted as: Włodarczyk-Biegun MK, Slingerland CJ, Werten MWT, de Wolf FA, de Vries 
R, Cohen Stuart MA, Kamperman M. Heparin as a bundler and growth enhancer in a self-
assembled network of functionalized protein 
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5.1 Introduction 
Genetically engineered protein-based polymers, with precise control over 
amino acid sequence and molecular weight, are of great interest for material 
science, especially for tissue engineering and regenerative medicine applications. 
The protein-based polymers are produced by a recombinant host organism, based 
on the precise translation of a DNA template. The template can be de novo designed 
or obtained by ligation of previously constructed DNA cassettes, coding for certain 
peptide building blocks. Due to this modular design, several desired motifs can be 
fused together within one polymer chain, at specified densities and locations, to 
form a customized material. By changing the individual motifs separately, 
independent tuning of specific material functions is ensured. Additionally, the 
recombinant way of production allows obtaining fully reproducible polymers 1-6. 
Although genetically engineered protein-based polymers are still a relatively 
new group of materials, a great range of structural building blocks has been 
constructed and produced over the last 35 years, including silk-, collagen-, resilin- 
and elastin-inspired proteins. These proteins were successfully enriched with 
numerous functional groups, containing both canonical and noncanonical amino 
acids, such as sequences responsible for cell adhesion, binding inorganic material, 
binding DNA, antimicrobial activity, material degradation or stability, elasticity or 
cross-linking 1,2,5-7. The amount of functional peptides can potentially be broadened 
even further, allowing the creation of materials with new functionalities 2. 
Importantly, addition of functional motifs into the protein-based polymers can be 
performed without post-production modifications. As the new material can be de 
novo designed with the desired features, obtaining 3D constructs with bulk 
functionalization is possible, surpassing biomaterials with motifs grafted onto the 
surface 1.  
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Heparin-binding domains are an example of functional motifs, which have 
been incorporated into a number of polymeric materials 8-11, including protein-
based polymers, as shown recently by our group 12. Heparin is a linear 
polysaccharide, naturally produced in mast cells and stored in their cytoplasmic 
secretory granules 13. It is relevant for biomedical applications, due to its 
anticoagulant properties, and its abilities to bind a broad range of growth factors 
and to influence angiogenesis and cell apoptosis 14-17. Several short heparin-binding 
motifs were proposed in the literature 8,18-20. Cardin and Weintraub were the first to 
describe a basic-basic-nonbasic-basic amino acid sequence 19. Based on this, the 
KRSR motif was designed by Dee 18 and has already been shown in multiple 
studies to improve osteoblastic cell attachment 9,11,18. Heparin-binding domains 
were not only successfully used to improve cell-binding properties of biomaterials 
9-11, but as well to enhance neurite regeneration 8 or to serve as cross-linking sites 
through interaction with heparin 15. Their strong affinity for heparin allows to 
readily obtain heparin-functionalized hydrogels 14-17.  
We recently reported the incorporation of heparin binding KRSR-domains into 
the silk-inspired C2SH48C2 protein 12. The functionalized polymer is further denoted 
as: BKRSRC2SH48C2. It is soluble at low pH, but after increasing the pH to 
physiological values it self-assembles into nanofibers, and at higher concentrations 
forms physical hydrogels. The pH-induced transition is driven by the SH48 (silk-
inspired) middle block consisting of 48 repeats of the octapeptide GAGAGAGH. 
At low pH, the protein stays in solution due to the repulsion between positively 
charged histidines, whereas after the pH increase the charges are neutralized 
leading to β-roll or β-sheet formation 21,22. By stacking of β-rolls, the fiber core is 
formed. On both sides of the silk-inspired block, hydrophilic C2 (random coil) 
blocks are attached. Every C2 consists of two 99 amino acid-long domains in 
tandem; these chains adopt a random coil state regardless the pH value. The 
random coil blocks provide colloidal stability to the formed fibers by creating 
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a corona around the fiber core. At the N-terminus of the protein, a heparin binding 
extension (BKRSR) is incorporated. It consists of three KRSR motifs with (Gly)3-Pro 
stretches used as spacers 12.  
Here, we investigate the structural and mechanical properties of BKRSRC2SH48C2 
protein hydrogels upon addition of heparin. The production, characterization and 
biological relevance of BKRSRC2SH48C2 were described elsewhere 12. In this study, we 
show that by changing the protein: heparin ratio, the fiber formation and fiber –
fiber interaction are influenced, leading to faster gelation and stiffer gels. The most 
pronounced fiber bundling and the highest increase in gel stiffness was observed 
when the charges on heparin balanced the charges on the protein. The improved 
control over material properties enhances the suitability of our silk-inspired 
protein-based polymers for biomedical applications.  
 
5.2 Materials and methods 
5.2.1 Materials 
Construction of recombinant strains, production and purification of the 
C2SH48C2 23,24 and BKRSRC2SH48C2 proteins 12 were described previously. Heparin, in 
the form of heparin sodium salt (from porcine intestinal mucosa, ≥180 USP 
units/mg, 17 – 19 kDa), was purchased from Sigma-Aldrich. Throughout the study 
we assumed the molar mass of heparin to be 18 kDa. Elemental analysis of heparin 
was performed by Elemental Microanalysis Ltd. (Devon, UK). Obtained values for 
heparin: C, 20.84; H, 3.67; N, 2.06; O, 48.06; S,10.90. 
The compositions of samples used in the various physicochemical analyses in 
this study, are listed in Table 5.1.  
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Table 5.1. Sample compositions 
Protein 
sample 
 
Protein content ( %) 
(w/w) 
 Heparin addition [µM] Molar 
ratio 
Charge 
ratio 
 
 
 
C2SH48C2 
BKRSR 
C2SH48C2 
 DLS AFM rheology heparin: 
protein 
heparin: 
protein 
100B 0 100  0 0* 0 - - 
    0.045 0.15 3 1:100 1:9.1 
    0.225  15 1:20 1:1.8 
      25 1:12 1:1.1 
    0.45 1.5 30 1:10 1:0.9 
      40 1:7 1:0.7 
    1.125  75 1:4 1:0.4 
     7.5 150 1:2 1:0.2 
85B 15 85    0 - - 
      15 1:20 1:1.5 
      20 1:15 1:1.2 
      25 1:12 1:0.9 
      30 1:10 1:0.75 
70B 30 70   0** 0 - - 
      15 1:20 1:1.3 
      25 1:12 1:0.8 
      30 1:10 1:0.6 
50B 50 50   0** 0 - - 
     0.15  1:100 1:4.5 
      7.5 1:40 1:1.8 
      15 1:20 1:0.9 
     1.5 30 1:10 1:0.5 
     7.5  1:2 1:0.1 
0B 100 0  0  0 - - 
    0.45  30 1:10 - 
All listed protein samples were prepared in PBS/HEPES solution with two exceptions for AFM 
measurements: one sample was prepared in PBS/HEPES solution and additionally in Milli-Q, 
without buffer addition (*), two samples were prepared only in Milli-Q, and no preparation in 
PBS/HEPES was done (**).  
 
 
5.5.2 Confocal studies 
To visualize the interaction between monomers of different variants of 
proteins, BKRSRC2SH48C2 and C2SH48C2 were labelled with fluorescent dyes and 
studied by confocal microscopy. Alexa Fluor®-488 carboxylic acid/ succinimidyl 
ester (mixed isomers, Life Technologies, USA) and Alexa Fluor®-647 succinimidyl 
ester (Life Technologies, USA) were dissolved separately in dry 
dimethylformamide (DMF, Sigma-Aldrich, Germany) at 10 mg/ml and linked to 
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BKRSRC2SH48C2 and C2SH48C2, respectively. The effectiveness of the staining was 
expected to be higher for BKRSRC2SH48C2 than for C2SH48C2, since free amines on the 
protein are employed to couple fluorophores: C2SH48C2 has a single free amine on 
the N-terminus, whereas BKRSRC2SH48C2 has 3 additional free amines on the side 
chains of the lysines in the BKRSR domain. The protein was dissolved in 10 mM HCl 
at 40 mg/ml, and diluted with a 0.1 M sodium bicarbonate buffer (Alfa Aesar, 
Germany) and Milli-Q to 5 mg/ml at pH 8.5. While shaking at 500 rpm, 20 µL of 
Alexa dye in DMF was added. The coupling reaction was allowed to proceed for 
2 hours at room temperature under continuous shaking at 500 rpm. Next, the 
protein was diluted to 2 mg/mL in phosphate buffered saline (PBS) and samples 
were dialyzed against 0.5 x PBS in dialysis cassettes with a 3.5 kDa cutoff (Thermo 
Scientific, USA) at 4°C. Two dialysis periods (~ 2 h each) were followed by one 
overnight dialysis, in refreshed medium every time. Afterwards, the protein 
solution was diluted in 0.1 M HCl to 1 mg/ml at a final pH ~ 2.5. Labelled protein 
was mixed with unlabelled protein of the same variant in a 1:10 ratio at low pH, 
whereupon the pH was adjusted to 7.4. Fiber formation was allowed to proceed for 
2.5 hours; afterwards, 50 µL of the sample was deposited on a glass surface for 
analysis. A confocal laser scanning microscope system (CLSM, Zeiss, Germany), 
equipped with a 488 nm argon laser (Lasos, Germany) and a 633 nm He-Ne laser 
(Zeiss, Germany), with 100x/1.46 oil immersion objective was used. 
5.2.3 Dynamic light scattering  
Dynamic light scattering on dilute solutions was used to follow protein self-
assembly over time. For this purpose, BKRSRC2SH48C2 and C2SH48C2 were dissolved in 
10 mM HCl (Merck, Germany) at 1.2 mg/ml. The final concentration of 0.3 mg/ml 
protein in 25 mM HEPES at pH 7.4 was obtained by the addition of 0.1 M NaOH 
(Merck, Germany), PBS (Lonza, Belgium) and HEPES buffer (Fisher Scientific, 
USA). Samples were microfiltered (0.1 µm syringe filters, MDI, India) directly after 
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pH adjustment. Heparin was added to the solution prior to the start of the 
measurement, or after 3 hours of measuring (see Table 5.1 for the heparin 
concentrations). All measurements were performed using a Malvern Zetasizer 
Nano ZS (Malvern Instruments, UK) at 25 °C after a temperature equilibration time 
of 120 s. The number of runs was selected automatically by the Zetasizer software 
(version 7.02, Malvern Instruments, UK). A 4 mW He-Ne ion laser at 633 nm was 
used with detection of the backscattered signal at a fixed angle of 173°. 
Measurements were run for 3 hours (in case of direct heparin addition) or for 
6 hours (in case of heparin addition after 3 hours).  
5.2.4 Atomic force microscopy  
To study the morphology of the fibers and visualize their interactions, atomic 
microscopy was used. Samples for the measurements (Table 5.1) were prepared as 
follows. BKRSRC2SH48C2 and C2SH48C2 proteins were dissolved in 10 mM HCl at 
a concentration of 2 mg/ml. Afterwards, either 0.1 M NaOH and Milli-Q, or 0.1 M 
NaOH, 10 x PBS and HEPES were added to obtain a final protein concentration of 
1 mg/ml at pH 7.4. The final concentration of HEPES in all the samples was 25 mM. 
If applicable, heparin was added, dissolved in PBS (Table 5.1). The samples were 
incubated for 24 hours at room temperature to allow fiber formation, and 
deposited on plasma cleaned silica wafers for 20 minutes, subsequently washed 
with Milli-Q and blow-dried with N2. The dried samples were measured with 
a Nanoscope V system (Veeco, USA) in Scanasyst® mode. Silicon tips (Bruker, 
USA) with a spring constant of 0.4 N m-1 and a tip radius of 2 nm were used. 
Images were recorded at a frequency of 0.997 Hz and processed by Nanoscope 
analysis software (version 1.50, Bruker, USA). 
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5.2.5 Rheology  
Protein samples with different ratios of BKRSRC2SH48C2 to C2SH48C2, in the 
presence or absence of heparin (see Table 5.1), were studied by rheometry. 
BKRSRC2SH48C2 and C2SH48C2 proteins were dissolved separately in 10 mM HCl at 
a concentration of 40 mg/ml and vortexed for 3 hours, to ensure complete 
dissolution. The final concentration and pH were then adjusted by the addition of 
0.1 M NaOH, 10 x PBS and HEPES to obtain a 20 mg/ml protein solution at pH 7.4 
in 25 mM HEPES. If applicable, heparin was mixed with the sample. For those 
samples that contained both BKRSRC2SH48C2 and C2SH48C2, separate protein solutions 
were mixed before adjusting pH and final protein concentration. Freshly mixed 
solutions were loaded immediately into a rheometer (Physica MCR 301 Rheometer, 
Anton Paar, Austria) with Couette geometry (CC10/T200, Anton Paar, Austria), 
a bob diameter of 10.002 mm and a cup diameter of 10.845 mm. Samples were 
placed on top of 500 µL of perfluorinated fluid (Solvay, Italy) to decrease the 
sample volume; an oil trap with tetradecane (Sigma-Aldrich, Germany) was used 
to avoid evaporation. The storage modulus was measured as a function of time by 
applying sinusoidal deformations (frequency (f) = 1 Hz and strain (γ) = 0.1 %). 
After 18 hours, the strain was gradually increased to break the gel (γ between 0.1 
to 1000 %, in steps of 10 %). The recovery of the disrupted gel was measured at 
γ = 0.1 % in terms of storage modulus, under sinusoidal deformation for 4.5 hours.  
 
5.3 Results and discussion 
5.3.1 Confocal microscopy 
In this work we used mixtures of BKRSRC2SH48C2 and C2SH48C2 proteins, at 
different ratios. To investigate the self-assembly of the protein monomers into 
fibers, confocal microscopy was used. The aim was to verify whether hybrid fibers 
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(i.e. with both monomer types built into one fiber) are formed, or whether 
BKRSRC2SH48C2 and C2SH48C2 assemble into separate fibers. The C2SH48C2 protein was 
labelled with a red fluorescent dye, whereas BKRSRC2SH48C2 was labelled with 
a green fluorescent dye. Fiber formation from labelled protein monomers was 
clearly visible (Figure 5.1) and was confirmed with AFM (see Appendix, Figure 
5.9). Also, colocalization of the different fluorescent labels was observed, indicating 
that BKRSRC2SH48C2 and C2SH48C2 are incorporated in the same fiber. 
 
 
Figure 5.1. Confocal images of 50B fibers: (A) C2SH48C2 labelled in red with Alexa-A647, (B) 
BKRSRC2SH48C2 labelled in green with Alexa-A488. Scale bar = 10 µm.  
 
It has been shown previously that stacking of the monomers to form fibers is 
determined mainly by the S-block 25 (see blue fiber in Figure 5.2A). This structural 
block is exactly the same in both protein variants used in this study. It was 
also shown that the rate of stacking is independent of the length of the C-block, at 
least in the tested size range spanning a single C-block (99 amino acid long chain, 
C1) and a double C-block (C2) 26. Since KRSR functional domains are attached to the 
C-block (not to the S-block, which drives self-assembly), and are relatively small, it 
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is very likely that BKRSRC2SH48C2 and C2SH48C2 are built into the same fiber. Our data 
confirm this. 
 
 
Figure 5.2. Schematic representation of the interaction between heparin and KRSR-
functionalized protein fibers. Not to scale. (A) Representation of electrostatic interactions 
between the negative charges on heparin and the positive charges on KRSR; (B) Expected 
location of heparin, resulting in fiber bundling and cross-linking protein fibers with KRSR.  
 
5.3.2 Charge balance 
As heparin – protein interactions are often reported to be mainly electrostatic 
in nature 13,19, we hypothesized that the heparin – protein binding mechanism, in 
our system, is based on the interaction between the negative charges, carried by 
heparin, and the positive charges on the KRSR heparin-binding domain of the 
protein. (A schematic representation of the proposed binding is shown in Figure 
5.2). In this context, the charge density of heparin and the charge-stoichiometric 
protein: heparin ratio are important parameters.  
Heparin is a structurally complex polysaccharide 13, composed of repeating 
disaccharide units of uronic acid and glucosamine. In natural heparin, the number 
of units varies considerably per heparin chain, giving rise to polydispersity, with 
sizes ranging from 5 kDa to 40 kDa 27. Moreover, the degree of glucosamine 
sulfation and N-acetylation vary as well, and both saccharide units may contain 
additional sulfate groups 28. Due to the high degree of sulfation and the presence of 
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a carboxylic acid group in every disaccharide, heparin is one of the most negatively 
charged molecules known in nature 29. We used elemental analysis of heparin to 
determine an average of 2.31 sulfate groups per disaccharide unit. In addition, the 
carboxylic acid group of uronic acid (negatively charged at physiological pH 29) 
contributes another charge to each disaccharide unit, giving in total 3.3 charges per 
disaccharide. As the average molecular weight of heparin used in this study was 18 
kDa, and the average molecular weight of one sulfated heparin disaccharide is 
~ 600 Da 30, one heparin chain corresponds to 30 disaccharides, so that there are 100 
negative charges per molecule of heparin. At physiological pH, every 
BKRSRC2SH48C2 monomer carries 9 positive charges, due to the triple repeat of the 
KRSR sequence in the BKRSR extension. Accordingly, at a heparin: BKRSRC2SH48C2 
protein molar ratio of 1:11, the KRSR charges balance the heparin charges. For 
samples with a lower KRSR domain density, i.e. a higher share of the non-
functionalized C2SH48C2 in the total protein content of the sample, the ratio at which 
charge balance is reached, is proportionally smaller. Table 5.1 shows the heparin 
to protein molar ratio, and the heparin to protein charge ratio for all samples tested 
in the study.  
5.3.3 Dynamic Light Scattering (DLS) 
We used dynamic light scattering (DLS) to follow protein assembly as 
a function of time at different heparin concentrations, at physiological pH. 
Changes in fiber size were monitored in terms of the z-average hydrodynamic 
diameter, which is the intensity-weighted arithmetic average size of an equivalent 
(spherical) Stokes particle. We are dealing with elongated objects (fibers) for which 
the length is relevant. Although the z-average diameter does not provide the 
length, it can still be used as a qualitative indication of the increase in size. 
Samples 0B and 100B without heparin, and 0B with heparin all showed very 
minor and slow increase in size (about 40nm/h), likely due to slow self-assembly 
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into fibers (see Figure 5.3). Upon addition of heparin to 100B, the rate of increase 
became much higher, reaching 150nm/h at low heparin addition, to even 450nm/h 
at about stoichiometric dose, a tenfold acceleration compared to the sample 
without heparin. Heparin itself yielded only a negligible signal, indicating that the 
observed size increase was not a result of heparin self-association 31. The results 
indicate that heparin has a positive influence on the fiber assembly when KRSR 
domains are present. This suggests the existence of specific heparin – KRSR 
domain interactions. The increased z-average diameter after heparin addition to 
100B can indicate two mechanisms: faster fiber growth, or appearance of fiber 
bundling. We hypothesize that, at short times, the increased growth rate is 
dominant, because the increase of z-average diameter is visible immediately after 
heparin addition (see insert in Figure 5.3). Since, at short times, the monomer 
concentration is much larger than the fiber concentration, the probability for a fiber 
of encountering a monomer exceeds the probability of meeting another fiber. 
Moreover, the size increase was achieved gradually, and no instantaneous 
aggregation upon heparin addition (t = 0) was observed. For 0B material, in the 
presence of heparin, no signs of aggregation were observed either. This suggests 
that heparin does not aggregate individual monomers but influences the rate of 
protein assembly and fiber growth. Additional proof of rapid fiber formation in the 
presence of heparin comes from AFM pictures, which are discussed later (see 
section 5.3.4). 
As has been shown by Beun et al., the growth kinetics is mainly affected by the 
protein concentration and the length of the S-block 26. In circular dichroism spectra 
the β-roll conformation appears when the monomers attach to the end of the 
growing fiber, and not directly in the solution after charge neutralization induced 
by the pH change. For longer S-blocks, faster growth is observed, which suggests 
that the elongation rate is governed by recruiting and docking of new protein 
monomers from solution, rather than by the time it takes to fold into the secondary 
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structure 25. Thus, the observed increased growth rate after heparin addition is 
most likely due to the facilitated recruitment of new protein monomers. Heparin, 
by interacting with KRSR domains, increases the probability of free monomers in 
solution to reach the proximity of the growing end and stay there. As, according to 
charge balance calculations, one heparin chain can on average interact with 11 
protein monomers, it can attach to the fiber and then capture new, unbound 
monomers in solution.  
 
 
 
Figure 5.3. Influence of heparin addition at t = 0 on the z-average diameter of 100B and 0B 
sample as a function of time. Insert: z-average diameter development during the first 40 
minutes of the measurement. The protein concentration was 0.3 g/l in all samples. HP – 
heparin. In brackets the calculated heparin: protein charge ratio is indicated. 
 
 We also performed DLS measurements where heparin was added later, 
namely after 3 hours of initial fiber formation (Figure 5.4). For all the 100B samples, 
but not for 0B, an abrupt increase in z-average diameter was observed directly 
after heparin addition. This cannot be explained in terms of fiber growth rate only. 
As preformed fibers were already present at the moment of heparin addition, the 
monomer: fiber ratio in this experiment was significantly lower than in 
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the situation where heparin was added just after the start of protein assembly 
(Figure 5.3). Thus, most probably heparin also caused bundling of fibers, in 
addition to an increase in fiber growth rate. The abrupt change and sharp increase 
in slope in Figure 5.4, seem to confirm a dominant fiber clustering effect, caused by 
electrostatic interactions between one heparin chain and KRSR domains on 
different fibers. In this process heparin chains serve as additional cross-links, 
bridging distinct fibers. Upon bundling, each of the formed clusters has multiple 
growing ends, and free monomers can be added to all these ends at the same time, 
leading to an even further increase in growth rate. The largest increase in z-average 
diameter was observed for systems with a charge ratio close to 1:1 (0.45 μM of 
heparin added), yielding the largest fiber clusters. Lower than optimum heparin 
concentrations result in fewer cross-links between the protein fibers, and therefore 
limited fiber bundling. In turn, in a protein solution overdosed with heparin, each 
KRSR domain could bind to a choice of heparin chains, so that bridging between 
the KRSR motifs of separate fibers is less likely. 
Altogether, the DLS results indicate that heparin addition has a marked 
influence on the protein assembly in the presence of KRSR domains. The largest 
increase in assembly growth rate was achieved for a heparin: protein charge ratio 
close to the balance of charges. We conclude that two separate mechanisms 
influence protein assembly: at shorter time scales mainly fiber growth is enhanced, 
by faster recruitment of protein monomers from solution. At longer time scales 
fiber bundling becomes predominant, caused by heparin chains bridging between 
C-blocks belonging to different fibers. 
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Figure 5.4. Influence of heparin addition after 3 h of initial fiber formation on the z-average 
diameter of 100B and 0B protein samples. Insert: development of the z-average diameter 
during the first 3 hours. The protein concentration was 0.3 g/l in all samples. HP – heparin. 
In brackets the calculated heparin: protein charge ratio is indicated. 
 
5.3.4 Atomic force microscopy (AFM) 
AFM was performed to visualize the morphology of the protein fibers, so as to 
observe an extent of bundling. Analyzed samples differed (1) in the BKRSRC2SH48C2 : 
C2SH48C2 protein ratios to vary the KRSR domain density, (2) in the ionic strength 
of the solution, and (3) in heparin concentrations. 
Fibers formed in the absence of heparin are shown in Figure 5.5. Formation of 
separate fibers was observed when 100B protein was incubated in PBS/HEPES 
solution, i.e. at high ionic strength (Figure 5.5A). Interestingly, when growth was 
induced in Milli-Q, without any salt addition, individual fibers tended to align 
together and bundle (Figure 5.5B). Previously published data for the non-modified 
C2SH48C2 23,24, did not reveal clustering for growth induced in Milli-Q. The only 
difference between C2SH48C2 and BKRSRC2SH48C2 monomers is the presence of the 
KRSR domains. Possibly, at low ionic strength, the positively charged KRSR 
domains in the corona of one fiber may interact with the negatively charged Glu 
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residues in the corona of another fiber (each C2 block has 8 Glu residues). At 
a higher ionic strength, the charges are screened by salt ions, which hinders the 
bundling effect.  
To further analyze the effect of KRSR domains on fiber bundling, 
BKRSRC2SH48C2 and C2SH48C2 were mixed in different ratios and hybrid fiber 
formation was induced in salt free Milli-Q. Fiber alignment was still observed for 
70B (Figure 5.5C), whereas clearly less clustering, and mostly separated fibers, 
appeared in the 50B sample (Figure 5.5D). Apparently, alignment occurs, when 
more BKRSRC2SH48C2 than unmodified C2SH48C2 is present in the mixture. A possible 
explanation is that in a fiber containing a low amount of KRSR domains, the 
probability that the KRSR domain will interact with Glu residues in the corona of 
the same fiber is high and thus bundling is less likely to occur. Bundling becomes 
more likely when the net charge on the corona vanishes. 
 
 
Figure 5.5. AFM images of 0.1 g/l protein solutions after 24 h of incubation at pH ~ 7.4 at 
room temperature and drying. (A) 100B sample prepared in PBS/HEPES solution, (B) 100B 
sample prepared in Milli-Q, (C) 70B sample prepared in Milli-Q, (D) 50B sample prepared in 
Milli-Q.  
 
To study the effect of heparin on fiber morphology, we used 100B and 50B 
samples, prepared in PBS with HEPES solution. These conditions revealed no 
bundling in the absence of heparin. In the presence of heparin, fiber alignment was 
observed for 100B samples (Figure 5.6 A – C). Since the bundling effect was not 
diminished by the addition of salt and was detected at higher ionic strengths 
(presence of PBS buffer), we concluded that the heparin – KRSR interactions are 
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significantly stronger than the electrostatic interactions between KRSR and Glu 
residues of the C2 blocks. At both the heparin: protein charge ratios 1: 9.1 and 1: 0.9 
clear bundling occurred, and the effect decreased upon overdosing heparin 
concentration (1: 0.2 heparin: protein charge ratio). It is interesting to note, 
that clusters observed in AFM for 1: 0.9 heparin: protein charge ratio, 
which had a slightly looser structure than in the case of 1:9.1 ratio, also had the 
highest z-average diameter observed in DLS measurements. Heparin-induced 
bundling was observed for the 50B samples as well, although the effect was less 
prominent (see Figure 5.6 D – F). It should be noted that charge ratios for the 50B 
samples differed by a factor two from those of 100B. Since no fiber bundling was 
visible in the absence of heparin, and strong bundling was observed for 0.15 μM of 
heparin, it might be supposed that at heparin concentrations lower than tested, 
between 0 and 0.15μM, some clustering will occur. Therefore, we expect the 
existence of an optimum heparin concentration, for which the biggest clusters are 
formed, as indicated by the DLS measurements and explained in that section. 
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Figure 5.6. AFM images of 0.1 g/l protein solutions of 100B (A – C) and 50B (D – E), with the 
addition of different amounts of heparin (indicated at the top of the Figure; HP – heparin), 
after 24 h of incubation at pH ~ 7.4 at room temperature and drying. Theoretical heparin : 
protein charge ratio is indicated above every picture. 
 
5.3.5 Rheology 
The effects of heparin on fiber growth and bundling in the diluted systems 
suggest that there will also be significant effects on the mechanical properties of 
percolating fiber networks. We therefore studied 2 % (w/v) dispersions by 
rheology.  
5.3.5.1 Gel formation without heparin  
The rheological study (Figure 5.7) revealed relatively quick gel formation (storage 
modulus exceeded the loss modulus after 3 – 10minutes; data not shown) after 
adjusting the pH to ~ 7.4. The 0B, 50B and 100B 2 % (w/v) samples developed 
storage moduli in the range of 450 – 750 Pa and showed the ability to quickly 
recover after breaking (up to 44 – 66 % of the initial values). The observed 
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differences in the final storage moduli, and in the kinetics of gel formation for 
samples with different KRSR domain densities, can be attributed to batch-to-batch 
variations 12 or minor differences in pH adjustment 23. The relatively low gelation 
rate of the 100B 2 % (w/v) sample may be explained by repulsion between the 
positively charged KRSR motifs on the protein monomers in solution and the 
positively charged KRSR motifs on the growing fibers, leading to slower 
recruitment of protein monomers from solution. 
 
 
Figure 5.7. Storage moduli (G’) as a function of time for the 100B, 50B and 0B samples, 
without heparin (dashed lines) and with 30 µM of heparin addition (solid lines). Heparin 
was added before gelation. Gels were broken after 18 hours by applying increasing strain. 
HP – heparin. In brackets theoretical heparin: protein charge ratio is indicated.  
 
5.3.5.2 Gels with heparin 
Heparin was added to protein samples with different C2SH48C2 to 
BKRSRC2SH48C2 ratios (0B, 50B, 100B) and therefore different KRSR domain densities, 
prior to gelation. After addition of 30 µM of heparin, a significant increase in 
storage modulus was observed for 100B (1: 0.9 heparin: protein charge ratio), no 
change for 50B (1: 0.5 heparin: protein charge ratio), and a minor modulus decrease 
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for the 0B sample (Figure 5.7). The stiffness increase detected for 100B, is attributed 
to the bridging of KRSR domains of different fibers by heparin, leading to 
bundling, as indicated by DLS and AFM data. Bundling leads to stiffer connecting 
elements in the network, which causes an increase in storage modulus. Apparently 
the bundling of the 50B sample, observed by AFM for a 1: 0.5 heparin: protein 
charge ratio (Figure 5.6E), is not pronounced enough to enhance the gel’s G’. After 
breaking, all the gels recovered partially, indicating that these gels are not 
equilibrated but kinetically controlled systems. Interestingly, the recovery recorded 
for the 100B heparin-functionalized gel (~ 35 % of initial strength) was lower than 
for gels without heparin addition (~ 60 % of initial strength). This may suggest that 
some of the heparin-based cross-links cannot recover after fiber rearrangement, 
possibly due to spatial restrictions.  
In Figure 5.8 we plotted the final storage moduli of gels with varying KRSR 
motif densities (0B, 50B, 70B, 85B, 100B) against heparin dose. It appeared that 
heparin increases the final gel stiffness for all the samples enriched in KRSR 
domains, in a concentration dependent, non-linear way. An optimum for 100B gels 
was found at 30 µM heparin, close to a 1: 1 heparin: protein charge ratio, as 
observed for other techniques. Slightly more loosely bundled structures, as 
indicated by AFM (Figure 5.6B), most probably result in an increased amount of 
entanglements in the gel. For the samples with lower KRSR domain densities, 
a clear, optimum was also observed, however, in comparison with 100B, achieved 
at relatively lower charge ratios (1: 1.5, 1: 1.3 and 1: 1.8 heparin: protein charge 
ratio, for 85B, 70B and 50B, respectively). These results suggest that at lower KRSR 
domain densities, the probability for a heparin molecule to form a bridge is higher, 
because it cannot find enough counter charges on KRSR units within one fiber. In 
other words, to balance the charges on one heparin chain, more often multiple 
fibers need to interact. For the higher KRSR densities, where the occurrence of 
bridging is somewhat less probable at a given charge ratio, relatively more heparin 
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is needed to cause a significant change in storage modulus. Therefore, we conclude 
that in addition to the overall number of charges available for electrostatic 
interactions, most likely the spatial arrangement also plays an important role in 
heparin-protein interactions. Indeed, selectivity in heparin – protein binding has 
been observed in certain systems and attributed to a secondary structure with the 
cationic residues exposed on one side of the peptide chain, showing the 
importance of spatial availability of the charges 13,19. Since at optimal heparin 
concentration, the increase in storage modulus was smaller for the samples with 
lower KRSR domain densities, the rheology results suggest that a critical amount 
of KRSR domains is required for a significant gel stiffness enhancement, and could 
be expected around 30 % of monomers with KRSR in the system (Figure 5.8A). 
Below that threshold, not enough KRSR domains are spatially available to bind to 
the same heparin chain, or the heparin – protein interactions that occur, are too 
short lived to increase G’. 
 
 
Figure 5.8. Rheological properties of C2SH48C2 gels with varying KRSR domain densities. (A) 
Final storage moduli (G’) as a function of heparin concentration for gels with different ratios 
of the BKRSRC2SH48C2 and C2SH48C2 protein. (B) Dependency of the maximal increase in final 
storage modulus (ΔG’max) after addition of heparin (primary y axis) and of increase in 
gelation rate per μM of heparin added to the sample (secondary y axis), on the % (w/w) 
content of BKRSRC2SH48C2 protein in the sample. HP – heparin. 
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For the 100B sample, the addition of heparin not only increased the final 
storage modulus of the gel, but also increased the kinetics of gelation (Figure 5.7). 
To estimate the rate of gel formation, we analyzed the time required for 100B, 85B, 
70B and 50B samples to reach 90 % of their final storage moduli. A clear trend, 
indicating faster gelation for higher heparin concentrations, in the range 0 – 25 μM 
of heparin, was detected for all tested samples. Figure 5.8B shows the increase in 
gelation rate in hour per μM of heparin added to the system as a function of the 
relative amount of KRSR domains present in the gels. From this plot it turns out, 
again, that a minimum KRSR density (around 30 – 40 %) is needed for an effect of 
heparin addition to appear. For the gels containing more KRSR domains, addition 
of every μM of heparin resulted in faster gelation. We assign this effect to the 
observed growth rate enhancement and bundling in DLS measurements, as 
explained in the DLS section.  
The data clearly show that our system allows to significantly tune gel 
properties by simply changing both heparin and KRSR content. Our approach 
therefore does not require cumbersome covalent modification of heparin or 
peptides, as in the case of many other heparinized hydrogels 17,32. Instead, mixing 
the protein variants, with and without KRSR motifs, in a desired ratio, followed by 
addition of an appropriate amount of heparin, is sufficient. Moreover, only minor 
amounts of heparin are needed to change significantly the system properties. 
Consider, for comparison, the enzymatic cross-linking of unmodified C2SH48C2 by 
mTGase to increase the gel strength. This has been reported to increase the storage 
modulus fourfold 23, when the protein was incubated with enzyme in a 1:20 
enzyme: protein weight ratio. In the current approach a 1:40 heparin: protein 
weight ratio (corresponding to approximately 1:1 charge ratio) is sufficient to 
achieve a threefold storage modulus increase.  
Incorporation of KRSR domains that interact with heparin in a non-covalent 
way, offers the opportunity to adjust and test material for drug and growth factor 
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delivery systems. The potential use of BKRSRC2SH48C2 protein in biomedical 
applications is promising and should be further investigated.  
 
5.4 Conclusions  
In this chapter we studied the possibility to precisely control the properties of 
nanofibers and hydrogels consisting of genetically engineered silk-inspired 
material, C2SH48C2, by introducing KRSR heparin binding domains and variable 
amounts of heparin. To tune the functional motif concentration along the fibers, we 
used mixtures of the fiber forming protein C2SH48C2, and its KRSR functionalized 
variant BKRSRC2SH48C2, at different ratios. Upon mixing, hybrid fibers are formed, 
with both monomer types self-assembled into one and the same fiber. Heparin 
binds to the incorporated domains by electrostatic interaction between the negative 
charges carried by heparin and positive charges in the KRSR domains. 
We found that the fiber formation process, the interactions between the fibers, 
and the gelation process, all depend on the added heparin concentration and on 
the KRSR domain density. In the presence of KRSR, added heparin accelerates 
fiber growth and induces fiber bundling. Most probably, both effects occur in 
parallel; increased growth rate, caused by faster recruiting of free monomers to 
growing fiber ends, predominates at the beginning of the fiber formation process, 
and bundling, caused by heparin chains bridging separate fibers, becomes 
significant at a later time. Both processes contribute to the observed increase in rate 
of gel formation and in final gel stiffness. We also found that there is an optimum 
heparin concentration for bundling, analogous to the well-known optimum 
polymer dose for bridging flocculation of colloids by absorbing cross-linking 
polymer 33. A suboptimal heparin concentration leads to a smaller amount of cross-
links, whereas too high concentration increases the probability of different heparin 
chains occupying KRSR domains of one fiber, without bridging. For the 100B 
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material, with all the monomers carrying a KRSR domain, the optimum seems to 
be at around a 1 : 1 charge ratio, where the biggest z-average increase in the DLS 
measurements, and a significant fiber bundling was found. At the optimum, gels of 
the highest stiffness and fastest gelation kinetics were obtained. The rather loosely 
bundled structure, corresponding to the optimum dose, indeed is consistent with 
the bigger sizes detected by DLS, and with the formation of more entanglements 
and cross-links in gels.  
Our findings suggest that self-assembly of silk-inspired protein, can be 
effectively and simply controlled by varying the KRSR domain density and 
heparin dose. The described approach allows for tuning gel formation kinetics and 
stiffness in a straightforward and biocompatible way, which is a valuable feature, 
especially for materials for biomedical use. In principle, it could be extended to 
other combinations of binding domains and polymeric additive, promising 
a spectrum of biocompatible materials for a range of applications. 
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Appendix 
 
Figure 5.9. AFM image of 0.7 g/l solutions of BKRSRC2SH48C2 protein conjugated with 
Alexa label. After conjugation, the sample was dialyzed against PBS, redissolved at pH 3.0, 
and, after 2 weeks, incubated for 24 h at room temperature at pH ~ 7.4.  
 
 
  
Chapter 6 
General discussion 
 
In this chapter, we discuss the outcomes of the work included in the thesis as 
a whole. We first discuss the perspectives of protein-based polymers in biomedical 
applications, and present examples of de novo designed protein-based polymers that 
were tested for medical use. In the second part, based on the obtained results, we 
identify the strengths of C2SH48C2 as biomaterial but also its limitations. We suggest 
possible strategies to improve the material properties and future directions of its 
development. 
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The self-assembling, pH responsive C2SH48C2 material, presented in this thesis, 
is a member of a broader group of genetically engineered protein-based polymers. 
In our work, we aimed at investigating the potential of these materials for use in 
biomedical applications, i.e. tissue engineering, and as a model system for 
systematic studies on biomaterials and cell – matrix interactions. In particular, we 
made an attempt to assess the performance of the de novo protein C2SH48C2, 
designed and produced in our group and to improve its properties for biomedical 
use.  
 
6.1 Protein-based polymers in biomedical applications 
Prospects 
 Biomaterials designed for scaffolds in tissue engineering need to meet 
multiple basic requirements, regardless the tissue type or organ to be replaced or 
cured. In the first place, the material has to be biocompatible 1. In a more general 
sense, this implies a material which does not lead to adverse effects while staying 
in contact with living tissues 2, i.e. no severe immune or inflammatory response 1, 
and no toxicity. In the context of biomedical therapy 2, biocompatibility is defined 
as the ability to elicit an appropriate response of the host organism, in a particular 
application 3. The cells in the vicinity of an implanted scaffold should function 
normally, adhere and migrate on the surface and inside the material, proliferate 
and produce new ECM matrix 1. Secondly, because the essence of tissue 
engineering is the eventual replacement of the scaffold by host cells, the material 
should in principle be biodegradable 1, with a degradation time matching the time 
of tissue ingrowth and regeneration. Thirdly, in the ideal situation, the mechanical 
properties of a scaffold should resemble those of the treated tissue 1,4, or at least be 
strong enough to resist mechanical loads occurring during surgical handling 1 and 
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during the entire process of tissue healing 5. Fourthly, the proper structure of the 
scaffold plays an important role, allowing ingrowth and motility of cells on one 
hand, and diffusion of nutrients, waste and scaffold degradation products on the 
other hand. Additionally, the structural design should allow incorporation of 
biological cues, such as RGD domains. Finally, for a perspective on clinical use, the 
material production process should be easily scalable and cost effective 1.  
In biomaterials design, mimicking biofunctional and mechanical properties of 
the extracellular matrix (ECM) is a promising route to fulfil the abovementioned 
requirements 6,7. The native ECM, composed of proteins, glycoproteins and 
proteoglycans 6, can be considered as a biocompatible, complex hydrogel, 
providing on the one hand mechanical and structural support to the cells and, on 
the other, variable biological cues, which influence cell functions in a synergistic 
way. It consists largely of fiber forming collagens and elastin, the primary role of 
which is to support cells and other proteins. In addition, it contains compounds 
like fibronectin, laminin, vitronectin, and many others, which mainly serve as 
a source of multiple functional domains, that bind other proteins, growth factors, 
signalling and adhesion molecules 8.  
Protein-based polymers, especially those having structural blocks inspired by 
proteins derived from native ECM, together with recombinantly added 
functionalities, are highly promising candidates for scaffolds capable of 
recapitulating the plethora of natural ECM properties, and closely mimicking its 
structure. The key advantages of this material group are its significant tunability, 
allowing control over final scaffold properties, and its high reproducibility. Several 
different functionalities can be combined to provide a whole range of active sites 
and structural features within one basic scaffold. The influence of changes in the 
chosen amino-acid sequence on the final material properties can be studied in 
detail, and permits manufacturing scaffolds with precisely determined and highly 
specific properties 9,10.  
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State of the art in tissue engineering 
Several protein-based polymers, usually inspired by natural proteins, have 
been tested for various applications in tissue engineering 11. The most commonly 
used structural domains are collagen-inspired, silk-inspired, elastin-inspired (ELP) 
or resilin-inspired (RLP) sequences 9,10. The structural blocks are often designed in 
such a way that the protein can self-assemble into a gel, i.e. scaffold formation is 
based on physical cross-linking. The other possibility is introducing sequences 
suitable for covalent chemical or enzymatic cross-linking into the amino acid 
chain9. Multiple building blocks can be combined within the same molecule, 
leading to more complex block-copolymers. The choice of the structural backbone 
is usually followed by the selection of functional motifs, which are added to tailor 
scaffold properties for a particular application. The most common domains in 
biomaterial design include cell adhesive motifs, cell responsive motifs 
(i.e. degradation sensitive sites), and growth factor binding motifs 10. Examples of 
protein-based polymers tested for tissue engineering purposes include: ELPs for 
endothelial cells, as candidates for vascular grafts 12,13, for neuronal cells 14, for 
cartilage 15, and for supporting tissues in load-bearing environments 16; RLPs for 
vocal fold and cardiovascular applications 17; collagen-inspired materials for 
cartilage 18, bone regeneration19, and cornea substitutes 20; silk-inspired materials 
for very broad use, including bone regeneration 21; and random-coil forming 
cationic protein-based polymers for a variety of biological applications 22. 
Other biomedical applications 
Due to their multiple advantages, recombinant protein-based polymers have 
great potential in several biomedical applications beyond tissue engineering. One 
of the promising directions is developing them towards drug delivery systems. As 
effective drug therapy depends on the maintenance of the medication at a constant 
level at a destination site, the optimal solution is a targeted therapy. It allows to 
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achieve optimal drug concentration in the curing area with a low overall 
concentration in the body. Hydrogels are commonly used as drug delivery 
systems. The drug is embedded directly in the network or entrapped in the 
embedded capsules, and released from the gel by diffusion at the place of 
application. The release can be controlled by hydrogel pore size, degradation rate 
or hydrogel responsiveness to the environment (for example temperature or pH) 
5,23. The use of protein-based polymers with a highly controlled amount of 
degradation sites and dedicated domains for drug binding holds great promise for 
materials with highly controlled release kinetics 24. Chilkoti and coworkers 
proposed thermoresposive ELPs for drug delivery 25,26. Promising results were 
obtained with a recombinant silk-elastin-inspired material proposed as a gene 
delivery system 27 28. Protein-based biomaterials may as well work as advanced 
wound healing materials. In general, hydrogels are potentially good wound 
dressings due to their ability to absorb water and therefore to absorb and retain 
exudates from the wound, together with foreign bodies and bacteria. For example, 
recombinant hydrogels, functionalized with antimicrobial peptides and active 
molecules may improve the process of healing 29. Silk-inspired materials were 
already tested with good results for wound dressing 30. Another, very interesting 
application is bio- and chemosensors, which can be obtained by incorporation of 
stimuli-responsive blocks. Finally, recombinant protein-based polymers are perfect 
candidates for testing models in biomaterials research, as they enable systematic 
studies on cell-matrix interactions and physiologically relevant properties for in 
vitro cultures 9,10.  
Main challenges faced in translation to the clinic 
Although very promising, protein-based polymers have not yet met all 
challenges that need to be addressed before they can be widely used as 
biomaterials. First of all, for commercial application the production costs need to 
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decrease. Synthesis, expression and purification, leading to high yields, should be 
optimized for individual recombinant proteins 9. A sufficiently scaled-up 
fabrication process must be in place before the material can be introduced in the 
clinic. Additionally, the risk of inflammatory and immune responses, and of 
contamination with endotoxins should be assessed before translation into clinical 
trials 9,31. Although protein-based polymers are under development already for 
almost 30 years, the number of used and designed peptides and building blocks is 
still limited 9; they just started to enter clinical testing 32. Further progress in 
research is obviously necessary. 
 
6.2 C2SH48C2 in biomedical applications 
Promises 
In this thesis we have shown that the silk-inspired C2SH48C2 protein has a great 
potential as a biomaterial for basic studies, testing models and, possibly, applied 
use in clinics. In the first place, our system was shown to meet an essential 
requirement for materials intended for medical use – namely biocompatibility, that 
is, absence of toxic effects on the cells (Chapter 1). Due to the choice of yeast as 
production organism, it has a low endotoxin level, well within the limits set by the 
FDA for materials intended for medical devices, and the yields are high, certainly 
in comparison with E. Coli fermentations, which gives a perspective on reasonable 
cost. 
Secondly, we demonstrated that, based on the high tunability, the 
physicochemical and biological properties of C2SH48C2 scaffolds can be 
independently varied in a relatively easy manner. The protein concentration 
determines the rates of fiber formation and gelation of the material, the final 
material stiffness, and the erosion rate (Chapter 1), whereas cell-adhesive domains 
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(RGD and KRSR) improve cell growth and function (Chapter 2). We managed to 
show that successful functionalization can be done without cumbersome and risky 
(in terms of possible introduction of toxicity) post-production (and post-
purification) modification of the material. Additionally, we proposed an 
advantageous approach to obtain scaffolds for cell culture with precisely 
controlled and easily varied biological properties, by simply mixing proteins with 
different functionalities in different ratios (Chapter 2). Indeed, we observed that 
small changes in the content of active motifs have a clear influence on the cellular 
response. On the basis of these findings, we developed scaffolds suitable for cell 
encapsulation, and obtained 3D cell cultures. The material was optimized by 
changing the protein final concentration in the scaffolds (which influences the 
structure) and by varying the RGD domain density (Chapter 4). Our study showed 
that analyzing the cellular response in matrices of different stiffness may serve as 
a way to study cell mechanics.  
Finally, we were able to effectively change, in a biocompatible way, the self-
assembly of C2SH48C2, i.e. fiber and gel formation kinetics, and the final gel 
stiffness. We did this by varying: (1) the content of KRSR domains, serving as 
heparin binding sites, and (2) the dose of added heparin (Chapter 5). This part of 
the study shows that active motifs in the gel can have multiple functions, and 
influence more than one property of a scaffold. When used carefully and smartly, 
this ability can give even greater control over material properties, with a smaller 
number of incorporated building blocks. The variants of C2SH48C2 that we 
investigated revealed multiple features mimicking natural ECM, such as 
biocompatibility (Chapters 2 – 4), high water content, fibrillar structure, fiber 
width and pore dimensions similar to those of native ECM (Chapters 2 – 5), 
presence of active domains (Chapter 3 – 5), and self-healing and strain stiffening 
properties (Chapters 2 – 5). We therefore conclude that the C2SH48C2 material has 
great potential for use in biomedical applications, and should be further 
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investigated. We discuss in the next section possible improvements of our material, 
and ways to overcome important limitations.  
Limitations and possible improvements  
There are three main limitations of the proposed C2SH48C2 protein to its use in 
tissue engineering, which should be overcome before this protein can be 
successfully applied as biomaterial for cell culture scaffolds: (1) limited 
degradation, (2) suboptimal scaffold structure and (3) suboptimal mechanical 
properties. 
Degradation rate  
Firstly, we observed very little degradation in time of the material immersed 
in the PBS buffer at 37 °C (Chapter 1). Some mass loss by erosion occurred, but the 
process was very slow. Erosion most probably occurs predominantly on the 
surface of scaffolds in contact with the medium. The erosion rate depends on the 
protein concentration, on the medium refreshment frequency, and on the intensity 
of fluid movements. The addition of collagenase A to the degradation medium did 
not accelerate the process, which was to be expected since this protease is specific 
for a particular amino acid sequence which is not present in our building blocks. 
Of course, in vitro testing conditions differ from an in vivo environment, where 
faster degradation may be expected. Ideally, the degradation rate should match the 
healing rate of the cured tissue 33; the latter varies with the type of tissue but also 
with the age of the patient 1. The loss of mechanical properties during degradation 
should be balanced by the gains due to the regeneration process 33. The design of 
the C2SH48C2 protein does not include any specific degradation sites. Incorporating 
domains sensitive to enzymatic cleavage, in properly chosen locations of the 
protein chain, would give much more control over the material's degradation 
process. One of the common solutions applied in protein-based biomaterials is 
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incorporating MMP (matrix metalloproteinases)-sensitive cleavage sites 17,34. MMPs 
form a whole family of structurally similar proteinases, with 23 different types 
detected in humans, of which the first one identified was collagenase. In the body, 
MMPs cut the building components of the native ECM, which degrades the matrix 
but also creates space for cell migration and proliferation, alters tissue architecture, 
and converts matrix proteins to biologically active molecules 35. A different kind of 
cleavage sites was proposed by Straley and Heilshorn, who introduced domains 
sensitive to tissue plasminogen activator (tPA) and urokinase plasminogen 
activator (uPA) into ELP material. These enzymes are members of the serine-
protease family, and are produced in the body by endothelial and neuronal cells. 
The authors successfully obtained materials with tunable degradation kinetics and 
suggested that the incorporation of degradation sites sensitive to different enzymes 
allows to create materials targeted for specific tissues and cell types. To improve 
our C2SH48C2 material, the exact location of incorporation of the degradation 
sensitive sites (i.e. in which building blocks, and on which position) should be 
carefully planned. Beun at al.36 used trypsin to enzymatically cut and thus shorten 
the C-block of C2SH48C2 and variants thereof with different S-block lengths. 
According to these authors, the middle silk-like block kept folding and stacking 
into filaments, which implies that trypsin probably cannot degrade C2SH48C2 fibers. 
In a later study, Beun et al. 37 varied the S-block length and observed that for 
shorter S-blocks, micelles would form instead of β-rolls, so that no stacking into 
fibers took place. This would suggest that cleavage sites should be incorporated 
into the middle S-block. Whether this is indeed a viable way to control degradation 
should be carefully tested. 
Scaffold structure 
The other challenge we need to address is the improvement of scaffold 
structure to allow ingrowth of cells. Although we have shown that our material is 
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suitable for 3D cultures (Chapter 4), the design is not optimal. Only for low protein 
densities, hence relatively weak gels, extensive cell proliferation and spreading 
was observed. We concluded that the densely cross-linked network at higher 
protein concentrations exerts a spatially inhibitory effect. For further strengthening 
of the scaffold, the 'bundling effect', leading to a more open structure inside the 
gels at relatively higher protein concentrations, could be exploited. Based on the 
design and modular architecture of the C2SH48C2 material, at least two ways to 
achieve this effect can be proposed. Firstly, as we demonstrated in Chapter 5, 
incorporation of cross-linking domains and a cross-linking agent into the material 
can lead to fiber bundling. Various new combinations of cross-linking domains 
and polymers could be tested. Secondly, as was demonstrated in the studies by 
Beun et al.36,37, significant bundling can also be introduced by changing the length 
of S- and/or C- blocks. The authors concluded that fiber clustering can be 
significantly enhanced by elongating the silk-inspired S-block, which drives the 
stacking, and/or by decreasing the length of the highly hydrophilic random coil C-
block, thereby reducing repulsive interactions 36. They suggested mixing pure S-
blocks with various triblock copolymers CnSHmCn, which would contain S- and C-
blocks in a wide range of lengths as a possibility, to achieve precise control over 
bundling. Additionally, less specific methods of introducing porosity into 
polymeric hydrogel scaffolds, such as addition of a water-leachable porogen 
(e.g., salt) 38, or hydrogel microparticles (MPs), which instead of leaching out, 
create pores by degrading in time at appropriate conditions 39, could be tested. 
However, due to the poor mechanical properties of our material, the effectiveness 
of the latter methods can be expected to be low. An interesting alternative allowing 
to form highly organized, porous scaffolds from soft hydrogels is 3D printing40. 
Finally, the introduction of cell-degradable sites, discussed above, can be used to 
overcome the problem of the lack of scaffold porosity.  
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Mechanical properties 
Another significant challenge concerns the mechanical properties of the 
C2SH48C2 scaffolds. In comparison to other non-covalently cross-linked gels based 
on proteins, our material, without any additional modification, was able to achieve 
relatively high storage modulus values at low protein concentrations (Chapter 2) 
41,42. Further improvement by addition of KRSR, serving as cross-linking motifs 
through interaction with heparin, led to a threefold increase in gel final stiffness 
(Chapter 5). The gel stiffness could be even further improved, to make it suitable 
for a broader range of biomedical applications. As mentioned before, matching the 
stiffness of the scaffold to the stiffness of the cured tissue is usually profitable in 
tissue engineering33. It has been reported that native stem cell differentiation is 
directed by matrix stiffness. Neurogenic, myogenic or osteogenic pathways 
develop when the elastic modulus mimics that of brain (0.1 – 1 kPa), muscle (8 –
 17 kPa), or stiff cross-linked collagen tissue (25 – 40 kPa), respectively 43. Engler's 
study clearly showed differences in cell responsiveness by varying the mechanical 
properties of the matrix. However, especially in the case of bone (elastic modulus 
~ 10 – 20 GPa 44) or cartilage, matching mechanical properties of the scaffold with 
the tissue, is very challenging. O’Brien et al. 1 stated that too much effort is recently 
spent on designing scaffolds with very high stiffness, which later fail in in vivo tests 
due to insufficient vascularization, although they do well in in vitro tests due to the 
matched mechanical properties. A proper balance between mechanical stiffness 
and porosity, allowing for cell ingrowth and vascularization is more essential in 
the design 1. Nevertheless, a possible solution to increase our material stiffness 
could be achieved along two trajectories. Firstly, as presented elsewhere 36,37, 
elongation of S- and shortening of the C-block both lead to gels with increased 
mechanical properties. Thus, by controlled changes in the building block lengths 
and protein concentration, further tuning of the rheological characteristics can be 
obtained. Secondly, following the approach presented in Chapter 5, incorporation 
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of appropriate cross-linking sites could lead to increases in gel stiffness. In 
a previous study, Golinska et al.45 showed that transglutaminase can covalently 
cross-link lysine and glutamine residues on the C-block of C2SH48C2. Although only 
few cross-links were introduced, a remarkable increase in gel mechanical 
properties was observed. Introducing additional cross-linking sites into the protein 
chain, rich in lysine and glutamine which are able to participate in enzymatic 
coupling via transglutaminase, could further improve the mechanical properties. 
McHale et al. 15 described the design of lysine- and glutamine-containing elastin-
like protein-based materials for use in cartilage regeneration. The process of 
gelation, induced by transglutaminase, was shown to be effective and 
biocompatible. Another approach studied in the literature that could be considered 
for application in our system is cross-linking via small molecules that react with 
lysine residues 10. Elastin-like polypeptide hydrogels were successfully chemically 
cross-linked by molecules like, e.g., tris-succinimidyl aminotriacetate 46 or 
disuccinimidyl suberate 14. Incorporation of inorganic binding domains, and 
mixing with, for example, ceramic particles could as well be considered as a way to 
improve mechanical properties of the scaffolds, especially for use in bone tissue 
engineering.  
In summary, there are several good options to overcome the main limitations 
of C2SH48C2, namely low degradation rate, lack of open structure and insufficient 
mechanical properties for particular applications. Of course, each modification 
should be validated in view of the specific application, be it changing the length of 
the building block of C2SH48C2, or enrichment in specific functional domains.  
Further development 
Additional material development for tissue engineering applications may 
include incorporation of active domains not considered in this thesis, such as 
antimicrobial peptides, growth factors or drug binding sites. Incorporation of 
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inorganic-binding peptides also has great potential; this might lead to composite 
scaffolds. Such constructs may be especially interesting for bone tissue 
regeneration 10. Mieszawska et al. 47 proposed a silk-inspired material enriched in 
the silaffin derived peptide R5, which is responsible for silica mineralization. The 
composite gave promising results when it was tested with human Mesenchymal 
Stem cells (hMSCs), providing evidence of differentiation into an osteogenic 
lineage. Huang et al. 21 presented a silk-inspired protein with an HA-nucleating 
domain of the dentin matrix protein 1 (CDMP1). The authors obtained a self-
assembling protein which allowed controlled hydroxyapatite formation. Both these 
studies are interesting approaches to form novel hybrid organic–inorganic 
biomaterial for use in bone tissue regeneration.  
Another interesting possibility is the construction of ECM mimics by means of 
interpenetrating networks of various fiber types, i.e., by designing 
multicomponent hydrogels 48. Jia and Kiick 48 defined hybrid multicomponent 
hydrogels as systems containing polymers differing in chemistry, morphology and 
functionality, yet interconnected via chemical or physical interactions, leading to 
enhanced material properties. Hybridization can occur on a molecular or 
microscopic level. Examples of hybrid composite hydrogels proposed in the 
literature include: (1) proteins integrating different building blocks in one chain, as, 
for example, silk-elastin-like protein-based material 49, (2) scaffolds composed of 
conjugated protein-based and synthetic biomaterials, e.g., ELP-PEG, proposed by 
Wang et al. 50, or a collagen-like peptide conjugated to PEG, proposed by Lee et al. 
51, (3) scaffolds integrating different building blocks by mixing various 
recombinant protein-based polymers. Hydrogels composed of a few elastin-like 
protein variants with different bioactive domains built into the protein chain, 
obtained by mixing the proteins, were proposed by Straley et al. 14. Note that this 
approach is different from our technique of mixing protein monomers before 
gelation, where different protein monomers are built into one and the same fiber 
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(Chapter 3 and 5). Rombouts et al.52 showed mechanical enhancement of a double 
network consisting of fluorenylmethyloxycarbonyl-Leu-Gly (FMOC-LG) fibers, 
and a protein analogous to the C2SH48C2 presented in this thesis, containing Glu 
residues instead of His, and therefore gelling upon decrease rather than increase of 
pH. Forming a multicomponent network of interpenetrating fibers composed of 
our C2SH48C2 plus one or more proteins with relevant functionalities could result in 
credible ECM mimics. For example, a network consisting of the C2SH48C2 protein, 
which is relatively stable and can form fibers at low concentration, and an elastin-
inspired protein with degradation sites, ensuring high elasticity and controlled 
degradation rate, could be an interesting case for study. We anticipate a material of 
initially high mechanical strength and improved elasticity, which would degrade 
over time, leading to the appearance of open space (porosity) between the C2SH48C2 
fibers, while giving constant support to the cells. 
 Future directions 
Based on the presented results and challenges that still need to be addressed, 
we consider in the first place C2SH48C2 as a very useful model system to study cell – 
matrix interactions in detail, by carefully varying scaffold features, and analyzing 
the cellular response they provoke. The independent tunability of mechanical and 
biological properties, the possibility of introducing new functional domains (in 
principle limited only by imagination), the control over scaffold architecture by 
varying silk-inspired and random coil forming blocks, and the proven 
biocompatibility of the material, altogether make C2SH48C2 a valuable system for 
biomedical studies.  
We believe that further study of the C2SH48C2 protein, and versions thereof 
enriched in specific functionalities, combined with in vitro studies including 
different cell types, can lead to the development of scaffolds suitable for clinical 
use. The combination of self-assembly upon pH adjustment and self-healing makes 
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C2SH48C2 a particularly good candidate for application as an injectable tissue 
scaffold. The version containing heparin binding KRSR domains can be developed 
into an advanced biomaterial for delivery and release of growth factors and drugs, 
in a highly controlled manner. Numerous growth factors, e.g., basic fibroblast 
growth factor bFGF, vascular endothelial VEGF, members of the family of 
transforming growth factor TGF, platelet derived growth factor PDGF, and 
epidermal growth factor EGF 53,54, all have a high affinity to heparin, so they could 
be linked via this carbohydrate polymer to the KRSR modified version of C2SH48C2. 
Heparin based-delivery was successfully applied in several studies, both by 
covalent conjugation and non-covalent immobilization of heparin on the various 
biomaterials 54. An interesting approach proposed by Yamaguchi and coworkers 55 
is the use of growth factors themselves as cross-linkers for hydrogels, which leads 
to coupling of the processes of material degradation and growth factor release.  
A lot of work on physico-chemical characterization of the CnSHmCn material 
group has been done in the present thesis (with focus on the biological relevance of 
the material) and in previous studies. Yet, the potential of this group of proteins 
has not been fully explored. The recombinant production and specific design of 
silk-inspired proteins call for an entire research programme that explores many 
directions. Such investigations may pave the way to new biomedical materials, but 
also to applications beyond. 
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Tissue engineering is a relatively new, but actively developing field of 
biomedical science. It aims at organ or tissue regeneration by use of scaffolds, 
which are usually seeded with cells prior to implantation, and stimulated by 
bioactive cues or growth factors. It is a promising and valuable alternative to the 
use of transplants, for which the demand is greater than the supply, and for which 
application is connected with high risk of rejection and infection due to 
immunosuppressant medication. One of the main challenges of tissue engineering, 
that we tried to address in this thesis, is the design of biocompatible and functional 
biomaterials that could serve as cell scaffold. We investigated, if protein-based 
polymers, more specifically, if the de novo designed, C2SH48C2 copolymer, which 
self-assembles into fibers upon a pH-trigger, is a suitable material for cell scaffolds.  
In Chapter 2 we described the design and production, by means of 
recombinant DNA technology, of C2SH48C2. The protein was efficiently secreted by 
Pichia pastoris at high yields of g/l levels and we proposed an effective purification 
method. We showed that fibers and gels form by self-assembly upon pH 
adjustment, and that rheological properties of the obtained hydrogels depend on 
the total protein concentration. In view of potential biomedical applications, 
erosion studies were performed, which indicated that the gels exhibited long term 
stability in conditions mimicking those in body fluid. The biocompatibility of the 
gel scaffolds was demonstrated in a 2D cell culture study. However, despite the 
cell viability, a low proliferation rate was observed. 
To improve cell performance in contact with C2SH48C2 hydrogels (Chapter 3) 
we incorporated active domains in the C2SH48C2 protein by recombinant 
functionalization. We described the synthesis of two protein variants: 
(1) BRGDC2SH48C2, N-terminally enriched in integrin-binding domains (RGD) and 
(2) BKRSRC2SH48C2, N-terminally enriched in heparin binding domains (KRSR). We 
showed precise control over the amount of active domains in the final gels, by 
simply mixing the variants of the proteins in the desired molar ratio before 
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inducing gelation. A 23-day cell culture study, performed using MG-63 cells, 
revealed that the presence of RGD and KRSR domains positively influenced cell 
attachment, spreading and activity. A synergistic effect was observed, i.e. scaffolds 
containing both bioactive domains yielded fully confluent layers of cells at an 
earlier stage during cell culture than the other gels. We concluded that cell 
behavior can be controlled by tuning the content of functional domains.  
In Chapter 4, we tested the suitability of the C2SH48C2 protein, enriched in RGD 
domains, for cell encapsulation, as the conditions of 3D cell culturing are more 
similar to the environment of cells in the body. We independently varied gel 
stiffness (by means of protein concentration) and functional motif (RGD) density, 
and analyzed the influence of these parameters on the cellular response. The 
viability and proliferation of MG-63 cells, encapsulated in the gels at different 
protein concentrations and RGD densities, was investigated with a cell activity 
assay, and by quantitative analysis of confocal pictures of nuclei (DAPI stain) and 
F-actin (phalloidin). We showed that optimal cell behavior is obtained in the 
presence of RGD domains and at low protein concentrations. The results indicated 
that RGD functionality is not the sole requirement; the gel matrix needs to exhibit 
the right mechanical properties and architecture to allow for cell growth, 
cytoplasmic extension and migration.  
Finally, in Chapter 5, we showed that active domains (here KRSR) can serve 
multiple functions in the material. We demonstrated the cross-linking ability of 
KRSR domains in the presence of heparin, leading to structural and mechanical 
changes in the scaffolds. In dilute systems (0.1 % (w/v)), heparin increases the rate 
of fiber growth, and induces fiber bundling. At higher protein concentrations, 
leading to the hydrogel formation (2 % (w/v)), the gelation rate and final storage 
modulus can be tuned by the amount of heparin and KRSR domain density. We 
concluded that with this approach, the material properties of C2SH48C2 protein gels 
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can be effectively and simply controlled in a straightforward and biocompatible 
way. 
In Chapter 6 we described the main requirements for biomaterials and 
discussed to what extent they are fulfilled by protein-based polymers, and in 
particular, by the presented C2SH48C2 protein. The main advantages over 
alternative materials, and the challenges that need to be addressed before 
application in tissue engineering becomes a reality, were discussed. We ended with 
suggestions to improve the properties of C2SH48C2 protein for use as a biomaterial, 
especially its biodegradability, and its structural and mechanical properties. 
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